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ABSTRACT

The integration of organic farming and conservation tillage (CT) holds potential for
sustainable field and vegetable crop production. The purpose of this study was to investigate the
effect of soil management systems in organic vegetable production on weed management and
yield, and to evaluate cover crop utilization of phosphorus (P) from Tennessee brown-rock
phosphate (TBRP) for no-till, organic corn (Zea mays) production.
For organic no-till management, cover crops were mechanically killed with a frontmounted roller (I & J Manufacturing, Gap, PA). The roller effectively killed an oat (Avena sativa
L.) and crimson clover (Trifolium incarnatum L.) biculture. Two passes was as effective as three
passes, while application of pressure on the roller and higher operating speed improved mortality
rates of cover crops, and no-till corn planting, respectively.
In organic tomato (Lycopersicon esculentum L. var. Crista) production, a soil spader
(Imants USA, Haven, Mi) produced higher yields than a rototiller, an off-set disk or no-till. Less
melon (Cucumis melo L. var. Galia) plants died from bacterial wilt (Erwinia tracheiphila [E. F.
Sm.]), transmitted from the spotted cucumber beetle (Diabrotica undecimpunctata howardi) and
the striped cucumber beetle (Acalymma vittata [Fab.]) under no-till management, which
produced the highest melon yields at the end of the season when market prices were higher.
However, the rototiller treatment produced the highest overall melon harvest for the season. The
19% residue cover left by the soil spader did not meet conservation tillage standards, while the
97% residue cover in the no-till met CT standards and reduced labor for weed management.
vi

There was no significant increase in organic corn yields when TBRP was applied at either
448 kg ha-1 or at 1344 kg ha-1, based on citrate soluble or total P, respectively. However,
Mehlich-I P increased and soil carbon decreased with increased TBRP application rate. Barley
produced the most biomas, had the highest P uptake per unit soil surface area, and reduced
estimated soil erosion to slightly below the threshold under which yields are not effected, while
maintaining similar yields to the tilled control. This systems can, therefore, reduce negative
environmental impacts related to erosion without compromising yields.
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1. INTRODUCTION

GENERAL BACKGROUND

The dramatic population increase in the 1900‟s began shortly after the Haber-Bosch
process for commercial fixation of nitrogen (N) and the resulting green revolution (Erisman et
al., 2008). This is reflected in the increased global consumption of N fertilizer (Smil, 2002). At
least 30 to 50% of crop yield can be attributed to commercial fertilizer inputs (Stewart et al.,
2005), supporting 40% or more of the world population (Erisman et al., 2008; Smil, 2002).
While fertilizers enable affluent countries to produce an excess of food (Smil, 2002), the Food
and Agriculture Organization reported that the number of undernourished people in the world
continues to increase and is currently estimated at 900 million (FAO, 2008).
There are valid concerns about the high reliance on chemicals for food production, and
the sustainability of this chemical approach is questioned. Eutrophication of water sources
(Boesch et al., 2001; Miyaska and Habte, 2001) and salinization and pollution of soil and water
threatens the environment and the productivity of farmland (Tilman et al., 2001). Continued
pesticide use leading to the resistance of pests is another ever-growing problem (Vaughan and
Gladys, 1976). Possible exposure to harmful chemical substances can even be a health risk for
workers in conventional systems and consumers of their products (Florax, 2005).
These concerns about the future of conventional agriculture make it worthwhile to
evaluate the potential of organic farming as a more environmentally-friendly and sustainable
1

approach to agriculture. All farming was essentially organic before the green revolution, but the
increasing world population brings with it the challenge to sustainably feed an exponentially
growing population (Erisman et al., 2008).
Restrictions and competition may also hinder the success of smaller, local organic
producers. The sustainability of organic farming may also be inhibited by crude oil use and
pollution through transportation of products and bulky inputs over long distances. Regulations
are enforced on certified organic producers in many countries (Stockdale, 2001; OMRI Listed,
2007). Wier and Calverley (2002) concluded that “higher prices are due to an immature market
hindered by inefficiency and high costs in the production and transport sectors, because of small
and restricted production” in industrialized countries.
Although organic farming supplies high organic matter inputs to soil without pesticide
and does not have synthesized chemical runoff or leaching, high reliance on tillage for organic
production reduces soil and water conservation and in some cases causes devastating erosion
(Peigné et al., 2007).
Organic farming may become more sustainable if there is a greater focus on strategies for
long term system productivity, such as the use of lower cost inputs that are locally available and
the implementation of conservation tillage (CT) practices (Peigné et a., 2007). The resulting
system may initially be more suitable for developing countries. Organic farming practices with
minimum external inputs have already been found to increase crop yields in developing
countries, while in affluent countries food crop yields are less with organic farming than
conventional agriculture (Badgley et al., 2006; Stockdale, 2001). Furthermore, there is a gradual
growth in the successful adoption of conservation agriculture practices by farmers in some third
world countries (Twomlow et al., 2008).
2

In this study we evaluated the management of cover crops, the use of a local source of
phosphate (P2O5) and the implementation of CT in organic farming.

OBJECTIVES

1. Evaluate no-till, organic management of cover crops, soil management in an organic
vegetable production system; and P management with Tennessee brown-rock
phosphate and cover crops in a no-till, organic corn production system.
2. Evaluate the use of a roller-crimper for managing cover crops in a no-till, organic
corn production system by determining the effect of different speeds of roller-crimper
operation, applied down pressure and number of crimper passes on cover crop
mortality, corn population and corn yield.
3. Compare the effects of different soil management systems on melon and tomato
yield, residue cover, and weed control, to determine which systems are more suitable
for profitable organic vegetable production and soil conservation.
4. Investigate the use of Tennessee brown-rock phosphate in combination with different
cover crops for P management in no-till, organic corn by studying their effects on
cover crop growth, soil and cover crop chemical composition, corn growth and corn
yield.

3

THESIS ORGANIZATION

This study is divided into three papers. The first paper is entitled “Front-Mounted Roller
Termination of Cover Crops in No-till Organic Corn Production” and its subsections are
Introduction, Materials and Methods, Results and Discussion, and Conclusions. This study
determined efficacy of a front-mounted roller to terminate cover crops and provide a thick,
weed-suppressing residue cover for the successful integration of CT and organic farming
systems. A version of this manuscript will be submitted for publication in a scientific journal.
The second paper, entitled “Tillage Practices in Organic Vegetable Production”, contains
the subsections Introduction, Materials and Methods, Results and Discussion, and Conclusion.
This study compared tillage practices of variable intensity to produce organic tomatoes and
melons. A version of this manuscript will be submitted for publication in a scientific journal.
The third paper is entitled “Phosphorus Management in Organic Corn Production Using
Tennessee Brown-Rock Phosphate and Cover Crops ” and contains Introduction, Materials and
Methods, Results and Discussion, and Conclusion. This paper evaluated the effectiveness of
various cover crops to convert TBRP to Mehlich-I extractable P in no-till organic corn
production. A version of this manuscript will be submitted for publication in a scientific journal.
The conclusions of the study are presented in a Summary, following the papers. All
references for the Introduction, papers and Summary appear in the List of References.
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2. FRONT-MOUNTED ROLLER TERMINATION OF COVER CROPS
IN NO-TILL ORGANIC CORN PRODUCTION

INTRODUCTION

Conservation tillage is a term describing all crop management systems that maintain at
least 30% of the crop residues on the surface following planting (CTIC, 2007). No-till is direct
seeding into the residue of the previous crop, while relying on herbicides and/or cover crops for
weed control (Blevins and Frye, 1993; Brady and Weil, 2008). Large-scale adoption of
conservation tillage (CT) is fueled by the worldwide demand for increased food production, and
ongoing concerns regarding soil degradation by compaction, erosion and reduced fertility
(Blevins and Frye, 1993).
In well-managed, continuous no-till systems in humid regions combinations of winter
cover crops, crop rotations and high-residue-producing crops are employed to build soil organic
matter levels as well as minimize soil exposure to erosive forces (Blevins and Frye, 1993; NRCS
2002). Conservation farming benefits include erosion control, water conservation, improved
carbon sequestration, reduced labor requirements, less use of fossil fuels and less environmental
pollution. As residue cover increases, erosion risk decreases (Blevins and Frye, 1993).
Some are concerned about the use of chemical fertilizers and pesticides in CT and their
effects on the environment (Blevins and Frye, 1993). Although glyphosate is most commonly
used in CT systems and is quickly broke down in the soil, chemical losses to surface water may
5

be reduced by no-till and the increased retention of herbicides in the higher organic matter may
help prevent leaching. When synthetic chemicals are avoided, as in organic farming, killing of
cover crops by herbicides can be substituted by frost kill or mechanical methods (Peigné et al.,
2007). Mechanical methods that do not involve tillage include mowing, undercutting and rolling
(NRCS, 2002). Modified stalk choppers and rotary mowers can lead to rapid decay of finely
chopped residue in humid conditions, and their use has been limited due to limited effects on
weed growth (NRCS, 2002). Rolling methods have been adopted by a few farmers in the United
States; however, researchers and farmers from South America have achieved widespread success
with the knife roller for managing cover crops (Ashford and Reeves, 2003; NRCS, 2002). With
this technique, growth of cover crops is suppressed without cutting the plant biomass into
smaller sizes thereby maintaining a smaller surface area and slower biological degradation rates
and advantageous weed control. In most cover crop systems that utilize rollers, the cash crop is
drilled or planted directly into the rolled cover crop either immediately or a few days after
rolling. Although rolling and other techniques that mechanically terminate the cover crops have
potential in organic systems for erosion and weed control, research on their adaptation in the
United States is lacking (Peigné et al., 2007).
The knife rollers used in the United States consist of blunt knives on hollow steel drums
that crimp or crush the cover crops as the roller moves through the field, instead of chopping or
cutting the stems as is common with mowers (NRCS, 2002; Ashford and Reeves, 2003; Raper et
al., 2004; Kornecki et al., 2006). Rollers can be pulled side by side, or pieces assembled for
bigger operational width (NRCS, 2002; Kornecki et al., 2006; Balkcom et al., 2007). Until
recently, rollers were typically pulled behind the tractor ahead of the planter (NRCS, 2002).

6

In this study, we evaluated the use of a commercially available, front-mounted CoverCrop Roller (I & J Manufacturing, Gap, PA). To the best of our knowledge, only anecdotal
research on this roller is available. The roller is 3.2 m wide, which is the equivalent of four 0.76m spaced rows with 0.45-m overlap on either side (Ross, 2007). The roller blades are mounted in
a chevron pattern on the drum roller. The purpose of this blade design is to overcome the
vibrating and pulling effects experienced with straight-line blades and corkscrew blades,
respectively. It is also expected to maximize the pressure on the small blade-portion touching the
ground at any given time. These blades crimp cover crop stems every 0.178 m in the direction of
rolling (Ross, 2007). A front-mounted roller opens up the possibility to both roll the cover crop
and no-till plant the cash crop in a single field pass, eliminating many passes when cultivation
and weed control is done by tillage (Ross, 2007, Hepperley et al., 2008). Front-mounting is also
expected to overcome the situation experienced with some rear-mounted rollers, where cover
crops escape crimping by being pressed down in the tire tracks prior to the rolling action As with
other rollers, cover crop growth stage at rolling is seen as the key to success with at least 50- and
up to a 100-percent bloom of the cover crop is recommended before the onset of mechanical
termination through rolling (Kornecki et al., 2006; Ashford and Reeves, 2003; Raper et al., 2004;
Ross, 2007; Hepperley et al., 2008).
Anecdotal reference is made of testing the I & J Cover-Crop Roller on a variety of winter
annual cover crops, including oat (Avena sativa L.) and clovers (Ross, 2007). Crimson clover
(Trifolium incarnatum L.) specifically has been evaluated in biculture trials in the southern states
with small grains such as oat (Ranells and Wagger, 1997).
In this study our objective was to quantify the effect of speed of operation, applied down
pressure, and number of passes made with the front-mounted roller on several indicators
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reflecting effectiveness of killing cover crop biculture of oat and crimson clover. We
hypothesized that there will be no significant effect of operational speed, pressure applied or
number of passes on effectively killing the biculture cover crop with this roller for organic, notill corn production.

MATERIALS AND METHODS

Site Description
The study was conducted in 2007 and 2008 outside Knoxville, Tennessee at the Organic
crops research farm of the University of Tennessee. The experimental area is located at
35°52‟55.43‟‟ N and 83°55‟38.79‟‟ W on an eroded Dewey silt loam (fine, kaolinitic, thermic
Typic Paleudults) with an Emory silt loam (fine-silty, siliceous, active, thermic fluventic Humic
Dystrudepts) along its edge. The site had been under intensive tillage conventional cropping
systems (small grains) prior to this study. The research unit was in-transition to USDA organic
certification at the time the study was conducted.

Experimental design
We evaluated two down pressure treatments, two operation speeds, and one, two, or three
passes with a front-mounted roller. The site plan is shown in figure 1. The pressure treatments
were with down-pressure roughly estimated at 0.39 MPa (HI) and without down-pressure
roughly estimated at 0 to 0.29 MPa (LO) applied with the roller. The two operational speed
levels were 3.2 km h-1 (SL) and 5.6 km h-1 (FA). One (SI), two (DO) or three (TR) passes were
8
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Figure 1. Site plan for a no-till organic field corn study with two pressure, two operational speed and three number of pass treatments.
The pressure treatments were roughly estimated as 0.39 MPa when down-pressure was applied (HI) and as 0.29 MPa when
down-pressure was not applied (LO) on the roller. The two operational speed levels were 3.2 km h-1 (SL) and 5.6 km h-1 (FA).
One (SI), two (DO) or three (TR) passes were conducted with the roller as number of pass treatments.
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conducted with the roller as pass treatments. Each treatment combination was applied to a 6.1 m
by 24.3 m plot, with 0.9-m alleys between the treatments, and 7.6-m alleys between the
replications. We used a randomized complete block (RCB) experimental design with four blocks.
The treatments were assigned in a complete factorial treatment design with 12 treatment
combinations, giving a total of 48 experimental units.

Agronomic practices
Oats (Avena sativa L.var. Bob) were drilled at 224 kg ha-1 and crimson clover at 22 kg
ha-1 on 11 October 2007, to provide a mixed winter cover crop over the entire field. The crimson
clover was inoculated with Alfalfa-Clover Rhizobacteria inoculant (Peaceful Valley Farm
Supply, Inc., Grass Valley, CA) before drilling. The seedbed preparation included tilling with an
offset disk and several passes with a tandem disk.
The crops were rolled for the first time on 13 May 2008 with a 3.2-m front-mounted I & J
cover-crop roller filled with water (mass approximately 1100 kg). Two adjacent passes were
made per plot, in the same direction, with minimum overlap. The 7.6-m alleys were rolled
perpendicular to the treatments. At the onset of rolling the oats were at the milk stage, and the
crimson clover was ready for seed harvest. Except for the SI treatment, the plots were rolled a
second time on 14 May 2008, one day after the first roll. The final roll for the TR treatment was
conducted on 20 May 2008, one week after first roll. The 0.9-m alleys were mowed with a rotary
mower and the 7.6-m alleys were mowed with a flail-mower (Alamo Industrial, Seguin, Texas)
on 22 May 2008.
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A certified organic field corn hybrid, N528 (Doebler‟s PA Hybrids Inc, Jersey Shore,
Pensylvania) was direct seeded into the rolled residue, in the same direction as it was rolled, with
a 3.04-m wide, 4-row John Deere MaxEmerge 7200 no-till planter on 23 May 2008 at 55000
plants ha-1. The spacing between the rows was 0.76 m.
No N or other nutrients were applied due to internal limitations relating to organic
certification. Besides the specific cover crop management technique and no-till planting of a
selected corn variety, no nutrient, weed and pest management practices were employed.
On 24 September 2008, the corn was harvested with a 2.1-m wide, 2-row STC 40 plot
combine (Almaco, Nevada, Iowa). All residues and stubble were left on the field.

Soil Sampling
A composite soil sample (0 - 0.15 m, 11 cores block-1) was taken on 13 June 2008 for
determination of variation in the nutrient status of the soil. The samples were dried, ground and
sent to the UT Soil, Plant and Pest Center in Nashville for determination of phosphorus (P),
potassium (K), Calcium (Ca) and magnesium (Mg) using the Mehlich-I extraction, 1:1 ratio
water pH (stand overnight) and carbon content analyzed with an ElantechFlash EA1112 (Thermo
Finigan Corporation, Italy).

Measurements
The effectiveness of killing the cover crops was measured by chlorophyll index readings
and digital image analysis (DIA) (Richardson et al, 2001; Karcher and Richardson, 2003).
Chlorophyll decreases as plants die and chlorophyll index readings can, therefore, indicate cover
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crop mortality. A chlorophyll index is an estimation of the quantity of chlorophyll in leaves, and
is calculated by the Fieldscout CM1000 chlorophyll meter from the light it senses at 700 nm, the
wavelength which is absorbed by chlorophyll a, compared to light it senses at 840 nm, a
wavelength which the leaf reflects. The chlorophyll index readings were conducted on the 9th and
10th day after the first rolling, 22 and 23 May 2008, with the chlorophyll meter held at
approximately 0.9 m above the ground. Readings were taken every 1.2 m along a 24-m ft
transect cutting each plot diagonally. The average of the 20 readings across each plot was taken.
Nine days after the first rolling, on 22 May 2008, photos for DIA were taken from approximately
1.4 m height with a digital camera, facing downwards. Two photos were taken for each plot, one
in the center and one just off center. The digital images were individually analyzed by
SigmaScan software for the total count of green pixels within a specific range of hue, saturation
and brightness values. The live plant material coverage percentage in each image was determined
by dividing the number of green pixels by the total pixel count for the image (Fig. 2). Weeds

(a)

(b)

Figure 2. Examples of digital photos used for digital image analysis (DIA) of the percent green
pixels within a specific range of hue, saturation and brightness with SigmaScan 2009
software: (a) 47%, and (b) 88%.
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were indentified and counted (counted per 0.58 m2 area, 3 areas per plot) on 26 June and 16 July
2008. Corn emergence was determined on 12 June 2008 and final stand counts on 24 September
2008 by counting the number of plants in the center two or four rows of each plot, respectively.
Corn yield and moisture content of the grain for the center four rows were monitored by combine
harvesting of the center four rows of each plot, on 24 September 2008, and the yields adjusted to
155 g kg-1 moisture content. Soil loss by erosion for the experimental area was estimated using
the Revised Universal Soil Loss Equation, Version 2 (RUSLE2) software (ARS, 2008).

Analysis of the Data
Analysis of variance (ANOVA) was used to analyze the data for main effects and
interactions. Means were separated with Fischer‟s protected least significant difference (LSD),
using an a priori method P<0.05 (SAS Institute, 2008). Data transformations were used as
necessary to normalize data.

RESULTS AND DISCUSSION

Soil Fertility and Erosion
There were a number of differences in soil nutrients across the field. The soil test results indicate
that the biggest differences are in Mehlich-I extractable P, K and percent organic matter,
generally decreasing from the top of the slope and increasing at the bottom of the slope (Table
1). This can be expected from previous topsoil loss at the top of the slope and subsequent gain at
13

Table 1. Water pH, organic matter content, and Mehlich-I P as P2O5, K as K2O, Ca and Mg of
soil sampled 13 June 2008 by block to determine the soil fertility status in a no-till
organic corn study with a rolled oat-and-crimson-clover cover crop. The blocks run from
block A at the bottom to block D at the top of the slope. University of Tennessee (UT)
calibrations of Mehlich-I P as P2O5 and K as K2O used for fertilizer recommendations are
included (Savoy, 2008).

Water
pH

Organic
Matter

Mehlich I
P as P2O5

-1

g kg

K as K2O

Ca

Mg

-1

-----------------------------kg ha ----------------------------

Block
A

6.1

21

20

232

1433

72

B

5.9

21

18

177

1433

73

C

5.9

18

13

252

1434

74

D

6.1

16

9

120

1435

75

Mean

6.0

19

15

195

1434

73

Std Dev

0.1

2

5

59

1

1

Low

0-20

0-101

Medium

21-34

102-179

High

35-133

180-357

UT calibrations
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the bottom of the slope, containing more organic matter which may also increase soil available P
and K. This confirms the validity of blocking by slope.
Soil loss by erosion for this system was estimated over the season, using RUSLE2
software, at 12.0 Mg ha-1 yr-1 (ARS, 2008). This is not much more than the 11.0 Mg ha-1 yr-1
threshold for the Dewey silt loam series below which yields are not effected. If corn yields and
stubble production can be improved with nutrient input, the system may potentially maintain low
enough erosion to not effect yields.

Pressure Applied
Down pressure applied by the roller had a significant effect on chlorophyll index (Table
2) indicating more effective killing of the cover crop when down pressure was applied (0.39
MPa) than when it was not applied (0 to 0.29 MPa). However, this effect was not reflected
significantly in the DIA or other measurements as would have been expected if pressure was of
great importance in terminating cover crops.
Raper et al. (2004) found a significant increase in percent kill of cover crops on a
Hiwassee Clay Soil (thermic Typic Rhodudults) when additional weights were added to a small,
straight-bar roller operated at about 4.0 km h-1 in rye (Secale cereale L.) at the soft dough stage.
This increase when pressure was increased from 0.61 MPa to 0.80 MPa and 1.05 MPa was not
found on a Vaiden Silty Clay Soil (thermic Aquic Dystruderts), was not of biological or practical
importance one week after rolling, and disappeared after three weeks from rolling. The
insignificance of pressure in terminating cover crops by rolling is also supported by the results of
Ashford and Reeves (2003), demonstrating successful killing of rye, wheat (Triticum aestivum
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Table 2. Digital image analysis (DIA) and chlorophyll measurement; corn emergence, weed
density measured in June 2008 and in July 2008, final corn population and corn yield as
affected by number of passes, down pressure applied and operating speed of rollercrimper on a oats and crimson clover biculture. The pressure treatments were estimated
as a maximum of 0.39 MPa with (high) and 0 to 0.29 MPa without down-pressure (low)
applied on the roller. The two operational speed levels were 3.2 km h-1 (slow) and 5.6 km
h-1 (fast). One (single), two (double) or three (tripple) passes were conducted with the
roller as number of pass treatments.

DIA

Chlorophyll

Corn
Emergence

Weeds
(Jun)

%

index

plants ha-1

plants m-2

Weeds
(Jul)
plants
m-2

Corn
Population

Yield

plants ha-1

kg ha-1

Single

73.2 a

155 a

38000 b

2.09

7.09

33000

4400

Double

60.9 b

140 b

44000 a

1.96

4.92

32000

4300

Triple

54.9 b

120 c

45000 a

2.55

5.99

34000

4460

High

60.0

130 a

43000

2.21

5.19

33000

4450

Low

66.7

146 b

42000

2.18

6.79

33000

4330

Fast

64.3

136

44000 a

2.24

4.78

34000

4260

Slow

62.6

140

40000 b

2.16

7.29

33000

4520

Mean

62.4

141

42000

3.71

9.33

33000

4530

Std Dev

17.6

27

6000

7.81

12.56

5000

1700

Passes (Pa)

Pressure (Pr)

Speed (Sp)

ANOVA
Source of variation

df

Passes (Pa)

2

0.0008

<0.0001

0.0003

NS†

NS

NS

NS

Pressure (Pr)

1

NS

0.0059

NS

NS

NS

NS

NS

Speed (Sp)

1

NS

NS

0.0165

NS

NS

NS

NS

Pa*Pr

2

NS

NS

NS

0.0306

NS

NS

NS

Pa*Sp

2

NS

NS

NS

NS

NS

NS

NS

Sp*Pr

1

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

Pa*Pr*Sp
2
NS
NS
†NS, nonsignificant at the 0.05 probability level.
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L.) and black oat (Avena strigosa Schreb) with a pulled straight-bar roller crimper at a lower 0.44
MPa blade pressure when no weights were attached.

Operating Speed
The speed at which the roller was operated, had a significant effect on crop emergence
even though planting was a separate operation (Table 2). This observation could be due to less
weed competition resulting from a more effective cover crop termination during the rolling
operation.
Kornecki et al. (2006) found that when rye was rolled in the soft dough growth stage, no
significant difference was found between operation speeds of 1.6, 4.8 and 8.0 km h-1 with any of
three 1.8-m wide, single section roller types. Similarly, an increase in operation speed from 3.2
km h-1 and 6.4 km h- did not significantly increase rye mortality two weeks after rolling with
either of two 6.0-m wide, triple-section rollers (Kornecki et al., 2006). Rye mortality of 90%
after three weeks was high enough for planting the following crop three weeks after rolling for
all treatments. Plants at a mature stage such as the cover crops when rolled die naturally, and this
plant senescence is accelerated by crimping, which may be the reason that operating speed does
not have significant effects on cover crop mortality (Kornecki et al., 2006; Ashford and Reeves,
2003). The chevron pattern of the blades on the I & J roller, with its reducing effect on vibration,
may have lessened even slight speed differences on crimping force as seen after two weeks,
when rolling with a single section, straight bar roller (Kornecki et al., 2006).
The average emergence over all treatments was 42000 plants ha-1, which is only 77% of
the planting rate. Emergence was not decreased by weeds, as weed densities were very low
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(Table 2) due to the thick residue cover produced by rolling the cover crops, in addition to low
rainfall and the absence of fertilizer applications. Possible explanations for low emergence are
low seed viability, poor seed placement, cover crop competition and allelopathy, and the absence
of seed treatment. Seed viability was good, but seed placement was problematic in some high
residue areas. Poor seed placement could have been a result of the cover crops pressed down
inadequately by some of the treatments in this study to allow sufficient depth without the use of
extra weights and cast-iron closers on the planter. This is contrary to the expectation that running
the planter in the same direction as the roller would increase seed-to-soil contact in high residue
and improve emergence of cash crops in heavy residue (NRCS, 2002; Ashford and Reeves,
2003). Another possible explanation for the low emergence and stand is planting within two
weeks after cover crop termination, instead of waiting for four weeks as recommended for
standard conservation tillage to minimize negative effects of soil water depletion, allelopathy and
disease on stand (Ashford and Reeves, 2003). Ashford and Reeves (2003) also found that visual
ratings of cover crop termination did not differ significantly between two and four weeks after
cover crops were killed, and that mortality is sufficient for planting after three weeks.
Allelopathic compounds in oat roots can suppress emergence and growth of some crops (Dias,
1991), but Kato-Noguchi et al. (1994) demonstrated that soil extracts did not have any effect on
germination and root growth of wheat (Triticum aestivum L.), oat (Avena sativa L.) or
subterranean clover (Trifolium brachycalycinum Katzn. & Morley), suggesting less importance
of this allelopathy in field conditions. Corn seeds are bigger than grain or clover seeds, and
would, therefore, be expected to be even less sensitive. Corn was planted 10 days after the first
roll in this study, and cover crop mortality may possibly allow corn planting as early as one week
after rolling (Kornecki et al., 2009). The effect of having no seed treatment in this high residue
18

environment, as is the requirement in organic production, is another possible explanation of the
reduced plant population in this study.

Number of Passes
The number of passes conducted with the roller had significant effects on chlorophyll
index, DIA measurement and emergence (Table 2). This indicates an increase in rate of
termination with more than one pass.
Double or triple rolling was more effective in killing the cover crop than a single roll,
according to the DIA results. If mortality rates are assumed to be the percent green subtracted
from 100%, these results from less than two weeks after the first rolling are within the range of
mortality rates (measured by moisture content and visual ratings) of rye found by Kornecki et al.
(2006). These rates were only slightly above 20% and 40% in the first and second week after
rolling, respectively, with natural plant senescence and initial plant injury probably masking
speed effects by the third week after rolling resulting in mortality rates around 90% (Kornecki et
al., 2006). Speed effects may, therefore, be expected to disappear after three weeks from rolling.
It should also be noted that in this experiment time elapsed between subsequent rollings, so that
measurements were done only two and three days after the final rolling.
The mean emergence for SI was significantly lower than that of DO or TR (Table 2).
Two passes is, therefore, as effective as three in terminating cover crops for planting of a corn
crop 10 days after rolling, although the trend of slightly higher emergence with three passes may
be agronomically meaningful. Interpretation of effects would have been easier in more uniform
conditions that would have resulted from higher emergence overall.
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In terms of soil compaction, labor and cost, however, fewer passes would be preferred.
According to Peigné et al. (2007) compaction of the topsoil, especially during the transition
period, is one of the major limiting factors for the adoption of no-till in organic farming.

Treatment Interactions
The interaction between the number of passes with the roller and the amount of down
pressure applied significantly impacted weed density measured on 26 June 2008 (Fig. 3).
There were no significant effects of the treatments on the weed populations measured on
15 July 2008 (Table 2), which may be explained by the overall low weed densities as a result of
the thick cover crop mat provided across all treatments. The weed population increased from an
average of 0.032 plants m-2 a month after planting to 0.081 plants m-2 two months after planting
corn, with most weeds being very young or small (Table 2). Only a few isolated weed plants
were observed at harvest. The general low weed density could be explained by the smothering
and allelopathic effect of the rolled cover crops, especially before corn canopy closure, combined
with the low seasonal rainfall and absence of fertilizer nutrient applications. Regrowth of oats
and reemergence of oats and crimson clover cover crops occurred, but plants remained small and
could not compete successfully with the corn crop. This system may have great potential for
organic production systems, as weed competition is a major limiting factor in organic farming
and there is heavy reliance on tillage for weed control (Peigné et al., 2007). After nine years,
Teasdale et al. (2007) found 28% lower corn yields in an organic production system with 79%
weed cover compared to 26% and 5% weed cover in no-till systems with and without cover
crops, respectively.
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Figure 3. Weed density measured in organic corn plots on 26 June 2008, as affected by the
number of passes and the down pressure applied by a roller-crimper on a oats and
crimson clover biculture. The cover crops were rolled on 13, 20 and 22 May for the first,
second and third pass respectively, and the corn was no-till planted on 23 May 2008.
Pressure was estimated as 0.39 MPa when down pressure was applied (high down
pressure) and 0 to 0.29 MPa when down pressure was not applied (low down pressure).
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None of the parameters measured showed significant three-way interactions between
down pressure applied, the speed of operation, and the number of passes conducted with the
front-mounted roller. Some patterns can be seen, however (Fig. 4), especially for the weed
density measured in June 2008 which with decreased down pressure and decreased speed of
operation increased when two passes were done, but decreased when a single pass was done (Fig
2c). The highest yield was obtained when a single pass was conducted at a low speed of
operation and with no down pressure applied on the front-mounted roller (Fig. 4d).
Mechanical cover crop termination by rolling may be a possible solution to overcoming
weed problems and the integration of conservation tillage and organic farming (Peigné et al.,
2007). With organic regulations prohibiting herbicide use, and crop residues complicating
mechanical weed control, weed pressure tends to increase to critical levels in organic
conservation systems and is especially severe in organic no-till systems (Peigné et al., 2007). The
results of this study are supported by the finding that herbicides can be eliminated when rolling
at early milk stage or later with the increase in C:N ratio of cover crops in later stages also
providing longer-lasting residue cover for weed suppression (Ashford and Reeves, 2003). Weed
suppression by rolling is dependent on the cover crop, dominant weed species, cover crop growth
stage at termination, as well as height and density of the cover crop mat (Balkcom et al., 2007).
The cover crop rotation design in this study includes good weed control aspects, as required for
organic no-till (Peigné et al., 2007). This bi-culture provides enough growth for a thick, weed
smothering mat. Another way cover crops can control weed development is by allelopathic
effects (Peigné et al., 2007; Balkcom et al., 2007).
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Figure 4. Interactive effect of 0.39 MPa (High) or 0 to 0.29 MPa (Low) down pressure applied,
operational speed of 5.6 or 3.2 km h-1 (Fast or Slow) and number of passes (Single,
Double or Triple) conducted with a front-mounted roller in a no-till, organic study on (a)
Digital Image Analysis (DIA), (b) corn emergence, (c) weed density measured in June,
and (d) corn yield.
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Other results and observations
None of the rolling treatments had a significant effect on final stand or corn yield (Table
2). As no fertilizer N was applied the average yield was only 4200 kg ha-1 over all treatments,
which may have hidden possible treatment effects.
Limited N availability due to reduced net mineralization of soil organic matter is a major
limitation to the integration of conservation tillage and organic farming (Peigné et al., 2007).
However, if the slow but prolonged release of N that is expected when conservation tillage is
used in organic rotations (Peigné et al., 2007) coincides with the N uptake period of the cash
crop, less N will be lost than when mineralized soon after residues are incorporated. Even though
N was not measured in this study, the corn yields were obtained without any N fertilization,
suggesting that slow release of N from grass-legume biculture cover crops after rolling may hold
potential for no-till organic farming. In this study, oats was grown as a high biomass, nutrient
scavenging crop to partner with the crimson clover to maximize N contribution to the next crop
(Clark, 2007, Ranells and Wagger, 1997). Grass-legume bicultures have the potential as annual
winter cover crops to utilize soil nitrate in southeastern states, with typical biculture C:N ratios
found by Ranells and Wagger (1997) being less than 30, but more than that of legume
monocultures. Their results suggest that N mineralization would occur during decomposition of
biculture cover crop residues, but with a desired moderate release of N, enhancing N-use
efficiency relations (Ranells and Wagger, 1997). Also, good vegetative growth of the crimson
clover was observed prior to termination at late bloom to early seed set before the plant dies
naturally. According to Clark (2007) N availability from residues already reach its maximum
when crimson clover is terminated at this stage.
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Visually, the cover crop was flattened and terminated well by all treatments by the time
corn was planted, although initially the cover crops under some treatments stood back up more
and looked greener. The results in this study are in agreement with previous claims that crimson
clover is expected to terminate easily by rolling (Schonbeck and Morse, 2006). By general visual
estimation of residue cover, the soil remained completely covered throughout the season over all
the plots. The thick cover crop mat also prevented erosion, compared to tilled fields next to it
where erosion damage was generally visible after rainfall. In contrast, according to a review by
the NRCS (2002), finely chopped residues produced by modified stalk choppers and rotary
mowers decompose too rapidly in humid environments to provide effective residue cover. Also,
cutting cover crops close to the surface can stimulate them to re-sprout (Raper et al., 2004).
Uneven distribution of the cover over the field can be another concern with the use of mowers
(NRCS, 2002).
This thick residue cover may also increase long-term soil fertility. Teasdale et al. (2007)
reported higher soil C and N under an organic system with cover crops than under conventional
no-tillage systems with or without cover crops, even though the organic system relied on a
minimum level of tillage. Yield-enhancing soil quality benefits of no-tillage may be improved by
additional organic inputs or by rotating with perennial crops (Teasdale et al., 2007). According to
an overview of conservation and organic systems by Peigné et al. (2007), the most likely cause
of an increase in organic matter and biological activity in organic systems is the frequent
addition of organic matter.
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CONCLUSION

In this study two passes with the front-mounted roller were as effective as three passes
for rapidly killing an oat-crimson clover cover crop as determined by DIA measurements and
crop emergence, although the higher chlorophyll index suggest less termination for two passes
(Table 2). One pass with the roller was significantly less effective in rapidly killing the cover
crop as determined by DIA measurements, chlorophyll index and corn emergence.
Applying down pressure to the front mounted roller did not significantly increased corn
emergence, but was more effective in terminating the cover crop as determined by chlorophyll
measurements, which were more sensitive than DIA (Table 2). Instead of applying hydraulic
down pressure from the tractor hydraulic controls, the hydraulic valve can be left in the open
position which lets the hydraulic fluid flow freely resulting in the roller floating and following
the contour of the soil surface. This might prove to be a more effective method in killing cover
crops than when pressure is applied.
An operating speed of 3.2 km h-1 was associated with lower corn emergence, than a 5.6
km h-1 operating speed (Table 2). However, even with emergence differences, there was no
impact on yield. Overall emergence was lower than expected, which could be due to several
factors including the absence of fungicide seed treatments and poor planting due to the high
residue. Weed density within the critical first six weeks from planting was the lowest for either
one or three passes at 5.6 km h-1, or for two passes at 3.2 km h-1. In general, weed density was
low. An operating speed may be chosen once the number of passes is decided on, to maximize
weed density and minimize weed density as best possible.
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The low yields obtained in one way complicated the interpretation of the effectiveness of
various rolling operations. However, with a higher plant population one could expect greater
effectiveness of the rolling because the high population would have provided a canopy that
would have limited weed competition even more. Although corn yield was low, it is noteworthy
that this yield was obtained without chemicals applied as pesticides, herbicides or fertilizers.
The front-mounted roller-crimper can be used successfully to terminate grass-legume
biculture cover crops at a mature growth stage without the use of herbicides, providing a thick
residue cover that remains throughout the growing season for prevention of soil erosion,
inhibition of weeds, preservation of soil moisture and the possible slow supply of nutrients.
These observations correlate well with research on other roller-crimpers (Raper et al., 2004,
Kornecki et al., 2006, Ashford and Reeves, 2003). Higher operating speeds and application of
pressure may slightly improve termination rates of cover crops. One pass is favored in terms of
labor, cost and reduced compaction and may possibly be agronomically sufficient due to
senescence of cover crops a few weeks after rolling, regardless of the number of passes.
Last, more research is needed on cover crop termination in field situations where plant
nutrients are not limited, as was the case in this study. A tilled or mowed control should be
included in future to compare the treatments with, especially for effects on residue cover and
erosion. The effect of the time of day and amount of moisture on the plants resulted in temporal
visual differences between the rolling treatments and may be worthwhile to investigate further.
The balance between planting dates of the following crop, and the growth stages of cover crops
at rolling also needs further research.
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3. TILLAGE PRACTICES IN ORGANIC VEGETABLE PRODUCTION

INTRODUCTION

Tennessee is known as an area where conservation tillage (CT) has been successfully
adopted. Although this is true for row crops, CT adoption in vegetable production is lagging
behind due to the lack of weed control without tillage. However, since many Tennessee soils are
highly erodible and available prime agricultural land is decreasing, interest in extending
strategies like no-till and strip-till to vegetable production is growing. Potential for CT tomato,
pumpkin and watermelon production and an increase in CT cabbage production in Tennessee
was mentioned without quantitative reports (Rutledge, 1999). Other recent Tennessee grower
trials included CT systems for snap bean (Phaseolus vulgaris L.), sweet corn (Zea mays L.) and
strawberries (Fragaria × ananassa). Morse (1999) also listed Cucumis species and transplanted
tomato (Lycopersicon exculentum Mill.) under vegetable crops with a high potential for
achieving successful no-till production. This justifies more research on CT transplanted melons
and tomatoes in Tennessee.
Organic growers are even more cautious than conventional growers to implement CT in
vegetable production. Organic management of weeds and cover crops without herbicides
commonly leads to increased tillage (Morse, 1999). Recommendations of the International
Federation of Organic Agriculture Movements standards include practices that minimize topsoil
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loss and other forms of soil degradation (IFOAM, 2002) and some vegetable and organic farmers
are trying to reduce tillage or at least try new tillage equipment, such as the soil spader.
The soil spader has only recently been added to the range of tillage implements available
for horticulture production (Sarrantonio and Thomas, 2003). It gained popularity in Europe, from
where it has been introduced to the United States. Growers use the soil spader in an attempt to
reduce soil disturbance, as it theoretically mixes soil and plant residues with less disruption of
soil aggregates. The Imants spader is said to achieve this by slow rotation of flattened shovels in
series that mimics manual spading (Sarrantonio and Thomas, 2003). Prevention of plow pans by
avoiding shear planes at the bottom of the plow depth is expected. Furthermore, organic matter
losses from finely divided incorporated residues that are common with intensive tillage may be
reduced with the use of the soil spader. Sarrantonio and Thomas (2003) found cover crop
residues incorporated by spading to be approximately 80% intact, while residues incorporated by
a rototiller were chopped to pieces (Sarrantonio and Thomas, 2003).
Although the use of new tillage equipment like the soil spader is a common approach to
reduce tillage in organic production systems, there are ways to avoid tillage in organic farming
altogether (Peigné et al., 2007). One way is to mechanically kill cover crops by mowing. If
regrowth of mowed cover crops is a concern, another way is to roll cover crops mechanically
(see Chapter 2). Various types of equipment can be used for this, including roller-crimper drums
or even disengaged flail mowers. Weeds can be suppressed sufficiently to prevent competition
with the crop when cover crops are established early enough in the fall to produce a thick residue
cover after mechanically killing (Morse, 1999). Mowing or rolling, therefore, makes cover crop
and weed management in organic vegetable systems possible without tillage.
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Advantages of CT in vegetable farming include: reduced soil erosion and water pollution,
more sanitary harvest conditions and improved fresh products, and increased field accessibility
in wet conditions (Morse, 1999). In addition, rapid infiltration and reduced evaporation may
increase soil moisture conservation and reduce irrigation demand. This increase in soil moisture,
together with a thick residue cover, also maintain cooler soil temperatures, which may be an
advantage for late or whole season crops. On the other hand, decreased soil temperature is a
disadvantage when aiming at the early market.
When a selection of suitable cover crops, vegetable crops and implements for mechanical
termination or reduced soil disturbance has been made, conservation tillage practices can be
attempted in various organic vegetable systems. Hairy vetch (Vicia Villosa) and small grains,
such as rye (Secale cereale L.), are among the various cover crops that have been used in CT
vegetable studies. Hairy vetch is a good winter cover crop option in Tennessee, as it is well
adopted in the southern United Sates, and can contribute high amounts of N (Hoyt and Hargrove,
1986; Rannells and Wagger, 1997).
The main objective of this study was to determine the effect of different tillage treatments
on residue cover, weed populations, and yield in organic melon and tomato production with a
rye-and-hairy-vetch cover crop. We hypothesized that the no-till yields would be higher and of
better quality due sufficient residue cover, that the no-till residue cover would be higher and that
the no-till weed populations will be lower. We did not expect to see a significant difference in
yield between the tillage by spader and rototiller, with the biggest differences anticipated
between no-till and disking.
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MATERIALS AND METHODS

Site description
A one-year tomato and melon study was conducted from 2007 to 2008 outside Knoxville,
Tennessee at the Organic crops research farm of the University of Tennessee. The experimental
area is located at 35°52‟51.99‟‟ N and 83°55‟32.89‟‟ W on an eroded Dewey silt loam (fine,
kaolinitic, thermic Typic Paleudults). Previously, non-organic small grain variety trials had been
conducted in this field. The research unit is certified transitional to organic.

Experimental design
A randomized complete block experimental design was used with four tillage treatments
randomized within four blocks. The site design is shown in figure 5. To account for the effect of
time, a repeated measures treatment design was used for residue cover and weed density, and a
split plot treatment design for timed hoeing, harvests and soil moisture. The cover crops in the
no-till treatment was rolled with a front-mounted roller (I & J Manufacturing, Gap, PA) before it
was mowed with a flail mower (Alamo Industrial, Seguin, Texas) (Fig. 6). After flail mowing,
the other tillage treatments were conducted with a soil spader (model 35FE180RH, Imants USA
Inc., Perkiomenville, PA), a RTC rototiller (Bush Hog, Selma, Alabama), a model 106 off-set
disk harrow respectively. The experimental units were 3.65 m wide and 12.2 long, with a buffer
row of plants on each border with the adjacent unit, and one row in the center for data collection.
The plots were divided along the length, with one half under melons and the other half under
tomatoes.
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Figure 5. Site plan for a no-till organic field melon and tomato study with four tillage treatments:
conducted with a spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush
Hog, Selma, Alabama), a model 106 off-set disk harrow, and no-till respectively.
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(a)

(b)

(c)

(d)

Figure 6. (a) A cover crop roller (I & J Manufacturing, Gap, PA), (b) a RTC rototiller (Bush
Hog, Selma, Alabama), (c) a model 106 off-set disk harrow, and (d) a soil spader (Imants
USA Inc., Perkiomenville, PA) used in a study on soil management for organic melon
and tomato production.
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Horticultural practices
Before establishing the cover crops, the field was prepared by tilling with an offset-disk,
and smoothed by two to three passes with a pick-up disk. A cover crop biculture of rye and hairy
vetch was drilled on 9 and 10 October 2007, at seeding rates of 112 kg ha-1 and 56 kg ha-1,
respectively. The tillage treatment plots were mowed on 9 May 2008. The cover crop in the notill plots was rolled on 13 May 2008 and again on 20 May 2008 with all passes in the same
direction, and then were mowed with a flail-mower (Alamo industrial, Seguin, Texas) on 29 May
2008 due to incomplete kill of cover crops. Soil samples (0 to 0.15 m depth, 10 plot-1) were taken
on 3 June 2008 to identify soil fertility differences caused by previous studies. Samples were sent
to the University of Tennessee Soil, Plant and Pest Center in Nashville for determination of
organic matter, pH and lime requirement, and Mehlich-I analyses of P, K, Ca and Mg.
Tomato (Lycopersicon esculentum L. var. Crista), (Seedway, Hall, NY) and melon
(Cucumis melo L. var. Galia) transplants were produced organically in the greenhouse prior to
planting. Plots were tilled on 21 May 2008. Spader seed bed preparation was done by a single
pass to 1.8-m working width, with some overlap in the center of the plots. The rototiller
treatment was performed with one pass to 1.2-m working width. For the off-set disk treatment,
two passes were made to incorporate more residue, and the surface was leveled after drying.
Tomato and melon were transplanted by hand into dibbled holes on 30 May 2008 at a plant
spacing of 1.8 m between rows and 0.61 m within rows for both melons and tomatoes. Wilting
and dying plants were replaced on 5 June 2008. Tomatoes were staked, trellised and suckering as
needed.
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Operator based irrigation and fertigation was done through a drip-tape system (Table 13
with the irrigation and fertigation schedule appears in the Appendix). All treatments received the
same irrigation supply according to the driest treatment at any stage, but there may have been
some slope effects on water pressure and supply between the blocks. Early in July, the field was
allowed to dry from excessive moisture, and irrigation resumed only when deemed necessary by
the operator, without attention given to any quantitative measurements. The first fertigation was
conducted on 12 June 2008 with Biolink 5-5-5 at a rate of 1.1 kg N ha-1. Thereafter, fish
emulsion was used at a rate of 1.2 kg N ha-1, which was increased to 2.2 kg N ha-1 after 15 July
2008. Weekly fertigation was interrupted when rain caused very wet soil conditions.
Melons were harvested by hand at 14 occasions, three times a week from 1 August to 3
September 2008. Fourteen tomato harvests were conducted by hand, three times a week from 8
August to 12 September 2008, when cumulative yields stopped increasing.

Measurements
In early July, three soil moisture blocks (Irrometer Co., Riverside, CA) per plot, 0.20-m
depth in melon, 0.20-m and 0.45-m depth in tomato section, were installed to monitor soil
moisture under irrigation. Moisture readings were taken twice a week from 16 July 2008 to 12
September 2008. Soil temperature was measured with a Hobo Pro continuous logging device
(Ben Meadows, Janesville, WI) installed 15 July 2008, with one sensor per plot to a depth of
0.20 m, and one sensor per block to a depth of 0.45 m, in the tomato section.
Residue cover was measured on 3 June 2008, before the first hoeing, and between 8 and
11 August 2008, before the first tomato harvest, by the line transect method (50 counts transect-1,
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15.2 m transect, 3 plot-1) (Laflen et al., 1981). Weeds were identified and counted (6.3 m-2, 3
plot-1) before hoeing on 19 and 24 June 2008; 8, 11, 15, 17, 31 July 2008; and 1 August 2008.
The time it took to hoe each plot was recorded to quantify labor for weed management required
by the different soil management strategies. Pests and diseases were monitored during the
season, and records taken by plot on 3 June 2008. Melon plants badly infested with bacterial wilt
(Erwinia tracheiphila [E. F. Sm.]), transmitted by the spotted cucumber beetle (Diabrotica
undecimpunctata howardi) and the striped cucumber beetle (Acalymma vittata [Fab.]), were
removed from the field on various occasions before and during harvest, with 12% of the plants
(data and border rows) removed on 24 July 2008. The relatively healthy melon and tomato plants
in the center row were counted on 8 August and 11 August 2008, respectively. The average soil
loss by erosion for each treatment was estimated using RUSLE2 software (RUSLE, 2009).
Harvested tomatoes and melons from the data rows were counted and weighed each time,
and the tomatoes were classified as marketable, marketable with minor flaws, and unmarketable.
Only reasonably healthy, ripe melons were harvest. The cleanup harvest included less ripe
melons that could potentially have ripened and be harvested in a few more days or weeks.
Monthly shipping-point price quotations for the United States were obtained online from the
Economic Research Service of the USDA (USDA. 2009).

Statistical Analysis
Analysis of variance (ANOVA) was used to analyze the data. Means were separated with
Fischer‟s protected least significant difference (LSD), using an a priori method P<0.05 (SAS
Institute, 2008).
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RESULTS AND DISCUSSION

Yields
Interactions between tillage and harvest date affected yields of tomatoes and melons
(Table 3, Fig. 7 and Fig. 8). The soil spader treatment gave the highest tomato yields for most of
the season, followed by the rototiller, the off-set disk, and no-till. At the end of the season,
although yields were generally lower, the order reversed with no-till producing the highest final
harvest (Fig. 7). Melon yields for the spader and rototill treatments peaked initially, followed by
peaks for the rototill and disk treatments with a dramatic increase in the no-till melon yield at the
final harvest (Fig. 7). One documented vegetable study comparing an Imants rototiller and a
spader in sweet corn also showed a consisted trend towards higher yields for rototill than for
spader which they explained by differences in N release from incorporated cover crop residues
(Sarrantonio and Thomas, 1999). The cleanup harvest, especially for the melons, included unripe
or lower quality fruit that partly explains the sharp upward turn (Fig. 7). The 2008 shipping-point

Table 3. Analysis of variance for tomato and melon yield as effected by harvest date and tillage
conducted with a spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush
Hog, Selma, Alabama), a model 106 off-set disk harrow, and no-till respectively.

Sources
Tillage (T)
Harvest date (H)
T*H

df
3
13
39

Tomato
Total
Weight
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0123

Melon
df
3
13
39

Total
NS†
<0.0001
<0.0001

Weight
NS
<0.0001
<0.0001

†NS, nonsignificant at the 0.05 probability level.
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Figure 7. Organic (a) tomato yield and (b) melon yield over the season for four tillage treatments
conducted with a spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush
Hog, Selma, Alabama), a model 106 off-set disk harrow, and no-till respectively.
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Figure 8. Cumulative organic (a) tomato yield and (b) melon yield over the season for four
tillage treatments conducted with a spader (Imants USA Inc., Perkiomenville, PA), a
RTC rototiller (Bush Hog, Selma, Alabama), a model 106 off-set disk harrow, and no-till
respectively.
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price quotations (ERS, 2009) for tomatoes were higher in August, but for melons were higher in
September (Fig. 9). The higher melon yields for no-till harvest dates towards the end of the
season may, therefore, hold an economic benefit. Melon harvest of no-till could have continued
for another week or two, as plants in that treatment survived well and at the cleanup harvest all
fruit were not ripe yet. Although yields were affected by harvest date, when combined tomato
yields were analyzed separately, tillage also had a significant effect on for the season with the
spader giving significantly higher and no-till giving the lowest yield for all quality categories
(Table 4 and Fig. 9). In a separate analysis of the combined melon yields for the season, there
was no significant difference in number of fruit between the treatments, but no-till yielded
significantly higher yields than the spader based on weight (Table 5). In general, drier soil
conditions are expected to be better for no-till production, as it has better moisture conservation.
Cool soil conditions due the higher moisture makes no-till more suitable for late season or whole
season vegetables than early season vegetables. The results from this study, with no-till lowest
yielding even for the season, are in contrast to higher marketable yields achieved for tomato by
conservation strategies such as no-till than for plow/disk or rotovated treatments, especially as a
full-season crop (Hoyt, 1999). Various research studies and on-farm demonstrations have also
been done in Tennessee with CT vegetables, and the tomato yields specifically were comparable
to conventional tomato yields. However, Rutledge (1999) admits that, in addition to the crop,
success is highly dependent on the soil conditions and weather, which in this study was not ideal
for no-till. Although there has been success with no-till production of tomatoes in Tennessee,
conservation tillage has not been proven in organics (Peigné et al., 2007), which may explain the
reduced no-till yields in this study.
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Figure 9. Monthly United States free on board 2008 shipping-point prices for fresh tomatoes and
melons. (ERS, 2009)

Table 4. Season yield totals of „Crista‟ tomatoes under four tillage treatments conducted with a
spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush Hog, Selma,
Alabama), a model 106 off-set disk harrow, and no-till respectively.

Yield
Treatment
Kg/ha
Fruit/ha
Disk
1689 bc†
106000 b
No-till
1342 c
79470 c
Rototill
2071 ab
132400ab
Spader
2412 a
15470 a
Mean
26300
119200
Std dev
7095
130200
† Significant at the 0.05 probability level.

Grade (fruit/ha)
Marketable
28240 bc
20620 c
38110 ab
47740 a
34970
44800

Minor defects
31380 ab
23760 b
37430 a
36760 a
33230
40840

Cull
41920 bc
35192c
54693 ab
67469 a
50970
70970
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Table 5. Main effects of tillage on residue cover, weed density, melon yield as season totals, pest and diseases of organic tomatoes and
melons. The tillage treatments were conducted with a spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush
Hog, Selma, Alabama), a model 106 off-set disk harrow, and no-till respectively.

Residue
Cover

Weed
density

Timed
hoeing
-2

-2

Melon
yield
-1

Melon
yield
fruit ha

Cucumber
beetles
-1

-1

beetles plant

Disease or stressed
plants

Plant survival

Tomato

Melon

Tomato

Melon

% plants

% plants

%

%

%

plants m

sm

kg ha

Disk

47 b

0.193

22 a

18600bc

26260

0.13

15.0 b

2.2 ab

100.0

66.3 b

No-till

97 a

0.185

14 b

23760a

28830

0.09

37.5 a

39.0 a

97.5

85.0 a

Rototill

47 b

0.209

21 a

21970ab

32550

0.15

16.3 b

0.1 b

98.8

36.3 c

Spader

19 c

0.122

20 a

16590c

25250

0.15

17.5 b

0.7 b

98.8

20.0 c

Mean

65

0.229

19

20230

28220

0.14

21.6

17.2

97.5

51.9

Std dev

45

0.3541

12

5113

7450

0.06

14.6

30.5

30.5

28.0

0.0346

0.0151

Tillage

ANOVA
Source of
variation
df
Tillage
3
***
NS†
0.0170
***Significant at the 0.0001 level of significance.
†NS, nonsignificant at the 0.05 probability level.

0.0413

NS

NS

NS

***
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Pests and Diseases
After transplanting, on 3 June 2008, there was no significant difference in cucumber
beetle counts between the treatments. Approximately 38% of tomato and 40% of melon plants in
the no-till plots had occurrence of various stress and/or disease symptoms, compared to less than
9% of tomato and less than 18% of melon plants for tilled plots (Table 5). At the end of the
season, however, there was no significant difference between tillage treatments for survival of
tomato plants. The major pests observed on the melon plants were spotted cucumber beetles
(Diabrotica undecimpunctata howardi) and the striped cucumber beetles (Acalymma vittata
[Fab.]). Many of the melon plants wilted during the season, showing characteristic bacterial
stringing of the plant sap (Chupp, 2006). Furthermore, 85% of the melon plants survived in notill, compared to 66% in disked, 36% in rototill and 20% in spader (Table 5). The melon plants
died of bacterial wilt, caused by the spotted and the striped cucumber beetles as vectors (Yao et
al., 1996). This supports literature claims of more sanitary conditions in no-till vegetable
production (Morse, 1999), which could enhance field sanitation. Hammond and Stinner (1987)
also found more banded cucumber beetles (Dia-brotica balteata LeConte) in tilled than no-till
soybean plots. The initial high occurrence of stunted growth, necrotic and wilting leaves, and
insect damage in no-till may have been a result of compaction by the dibbler during planting,
inhibiting root growth (Fig. 10). This may also be the cause of lower initial yields for no-till,
with yields increasing at the end of the season when the plants recovered and were healthier than
in other treatments. However, contrary to the expectation that no-till maintain more sanitary field
conditions and give better quality products, the quality of the tomatoes throughout the season
was not higher in the no-till treatment (Table 5).
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Figure 10. Root systems of organic melon plants one month after transplanted on 30 May 2008
into a no-till (on the left) and a tilled (on the right) plot.

Soil Moisture and Soil Temperature
The disked tomato plots had an average of tension 0.015 MPa and were not significantly
drier than no-till plots at 0.012 MPa, but contained significantly less soil moisture than both
rototill and spader plots at 0.010 MPa (Table 6). Average soil temperature between 16 and 21
July 2009, was about 3 °C higher for disk, and 1°C lower for no-till than for rototill and spader.
Higher yields for the spader and lower for no-till is probably not a direct result of soil moisture
or resulting soil temperature differences, which is in contrast with findings that no-till delays
fruit production in vegetable crops with multiple harvests because of increased moisture
conservation (Hoyt, 2004). The slightly lower soil temperature in no-till might be explained by
the shading or insulating effect high residue cover has on the soil (Hoyt and Hargrove, 1986).
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Gravimetric soil moisture measured on 7 July 2008 showed no significant differences for the 0 to
0.15-m depth or the 0.30 to 0.60-m depth, although at the 0.15 to 0.30-m depth the highest
gravimetric soil moisture was found under the spader treatment (Table 6). Similarly in the melon
section, soil moisture tension was the highest in the no-till plots at 0.028 MPa, followed the
disked plots at 0.021 MPa, with 0.015 MPa and 0.010 MPa for rototill and spader not differing
significantly (Table 6). A possible explanation of the dryer soil conditions in the no-till is the
higher survival of melon plants with higher transpiration that reduces soil moisture (Fig. 11). If
the no-till was the driest for melons, it is understandable that it produced higher yields when soil
conditions were wet and cool, such as the last week of August (Fig. 5). The overall soil
temperatures decreased around 25 to 30 August 2008, when soil moisture was high (Fig. 12),
which explains the lower tomato and melon yields during this time (Fig. 5).

Table 6. Main effects of tillage conducted with a spader (Imants USA Inc., Perkiomenville, PA),
a RTC rototiller (Bush Hog, Selma, Alabama), a model 106 off-set disk harrow, and notill on average soil moisture tension measured with soil moisture blocks, and gravimetric
soil moisture measured at a specific time.

Soil moisture tension
Tomato
Melon
MPa
MPa
Tillage
Disk
0.015a
0.015a
No-till
0.012ab
0.012ab
Rototill
0.010b
0.010b
Spader
0.010b
0.010b
Mean
0.019
0.019
Std dev
0.026
0.026
ANOVA
Source of variation
df
Tillage
3
0.0202
0.0202
***Significant at the 0.0001 level of significance.
†NS, nonsignificant at the 0.05 probability level

Gravimetric soil moisture
0-0.15
0.15-0.30
g/kg
g/kg

0.30-0.60
g/kg

223
223
238
218
225
15.6

206b
204b
217b
239a
259
51.1

244
238
252
260
248
23.8

NS

0.0038

NS
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(a)

(b)

Figure 11. Soil moisture block readings at 0.20-m depth on 20 August 2008 (a) 0.11 MPa in a
no-till plot with high melon plant survival, and (b) 0.05 MPa in a disked plot with low
melon plant survival in a organic field study.

0.07

Moisture Tension (MPa)

0.06

Melon 8 in
Tomato 8 in
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0.03
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Figure 12. Average soil moisture tension over four soil management treatments conducted with a
spader (Imants USA Inc., Perkiomenville, PA), a RTC rototiller (Bush Hog, Selma,
Alabama), a model 106 off-set disk harrow, and no-till at 0.20-m depth for tomatoes and
melons, and 0.45-m depth for tomatoes in a organic field study.
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Residue Cover and Erosion
Residue cover until tomato harvest was 97% for no-till, 47% for both disk and rototiller,
and 19% for spader (Table 4). High residue cover is the basis for most advantages that has been
accredited to conservation vegetable production. In this study, the more sanitary conditions
maintained by the residue may have contributed to healthier melon plants and higher yields
toward the end of the season. The undisturbed surface also appeared to provide less shelter than
the tilled soil for striped and spotted cucumber beetles, which sometimes hide under clods. The
soil spader is designed to incorporate residue throughout the profile (Sarrantonio and Thomas,
2003) and in this study it incorporated the cover crop residue better than the off-set disk or the
rototiller. However, based on this study, CT cannot be practiced with the soil spader because at
least 30% residue cover is required and could not be achieved with this implement (CTIC, 2007).
Average residue cover in all the treatments declined about 10% after hoeing.
The average estimated erosion for this system, if it is continued this way, is shown in
table 7. Although the soil loss by erosion over all the systems is higher than the 11.0 Mg ha-1 yr-1
threshold above which yields will be effected in the long term, disking showed higher and no-till
lower soil loss for both melons and tomato organic systems.

Weeds
The no-till plots took an average 14 s m-2 to hoe, timed per plot, while the other
treatments took at least 20 s m-2 to hoe (Table 5), indicating less labor needed for weed
management. This is in contrast with the general concern that weed suppression is a major
concern for CT in vegetable production, without the possibility of cultivation. Even no-till
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Table 7. RUSLE2 estimation of soil loss by erosion under different soil management systems in
organic tomato and melon production and the threshold value (T value) for a Dewey silt
loam under which soil loss does not effect yields (ARS, 2008).

Tillage treatment

Soil loss by erosion
Tomato

Melon
-1

Mg ha yr

-1

Disk

70.2

55.7

No-till

37.2

35.1

Rototill

58.4

47.5

Spader

58.8

46.9

T value

11.0

11.0

systems relying on chemical suppression have limitations (Rutledge, 1999) and sometimes
various applications of different herbicides are ineffective for crops with a limited selection of
allowable herbicides, and mechanical weeding may also be problematic in no-till. However, this
study suggests that without herbicide use and compared to intensive tillage methods, no-till cover
crop management can reduce dependence on other weed management strategies. This is
especially beneficial for organic systems, but may also be used in addition to other weed
management strategies in conventional vegetable production.
The soil spader did not have a significant benefit above the other soil management
systems in terms of weed suppression and took longer to weed compared to no-till (Table 5).
According to Grundy et al. (1999) the soil spader may not be a good implement to use for longterm weed suppression. They developed a seed displacement model with which they predicted
increased emergence with the soil spader with the assumption that the effect of subsequent
passes is additive.
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There were no significant differences in weed density between the tillage treatments.
Both weed densities and hoeing labor per area were initially high, but generally declined with
continued hoeing. Weed densities between no-till and tillage systems did not differ, but reduced
labor was required for hoeing no-till. A possible explanation of these seemingly contrasting
results is that the high residue cover in the no-till treatments probably did not inhibit weed
emergence, but could have prevented weeds from maturing to a stage that require hoeing. Clark
(2007) mentions weed suppression, also allelopathically, as one of the outstanding benefits of a
rye cover crop, which can be enhanced by legumes like hairy vetch, especially in no-till. In this
study, cover crops were eventually mowed, which may even have enhance the allelopathic effect
of rye on weeds (Diab, 2003). After fertilizer incorporation, seeding rye with hairy vetch early in
the fall has been successful for weed-suppression in no-till vegetable production in Tennessee
(Morse, 1999). In this study, a thick cover crop stand was achieved even without fertilizer
incorporation, and provided enough residue for weed suppression in the no-till plots compared to
the tilled plots.

CONCLUSION

No-till tomato and melon yields were not higher nor of better quality than when off-set
disk, rototiller or soil spader was used in an organic system. Of the soil management strategies,
the soil spader produced the highest tomato yields. The rototiller produced higher melon yields
over a longer time compared to the spader. The highest melon harvest of the season was
observed under no-till treatment when the market price was also higher for melons (ERS, 2009).
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This is in agreement with previous findings that no-till is well-suited for late season crops (Hoyt,
1999). The rototiller and spader did not differ in some less important aspects, with the yield
benefit depending on the crop. No-till did not have an obvious advantage over disking in this
study with the exception of the late melon harvest.
The highest residue cover was maintained with the no-till, while the spader was the only
tillage implement that did not leave enough residue for the CT requirement of 30% (CTIC,
2007).
An unexpected outcome was the higher survival melon plants with the no-till system
compared to the tillage systems. The majority of melon plants in the intensive tillage systems
were lost to the bacterial wilt disease (Erwinia tracheiphila [E. F. Sm.]) by the spotted cucumber
beetle (Diabrotica undecimpunctata howardi) and the striped cucumber beetle (Acalymma vittata
[Fab.]) (Yao et al., 1996). No-till management may have added advantages in reducing pest and
disease impacts (Morse 1999).
Future research may focus on long-term effects of soil management on organic vegetable
production. More vegetables that either reach high prices late in the season or are only harvested
at the end of the season should be evaluated for no-till production, as cooler soil conditions and
delay ripening for better late harvests are expected in CT systems.
Irrigation in this study was not ideal, which made interpretation of yield over the season
difficult. Reduced evapotranspiration due to plants dying also complicated interpretation of soil
moisture effects. Irrigation should be adjusted in future no-till vegetable studies to evaluate the
possible benefit of no-till for soil moisture conservation and reduced irrigation.
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4. PHOSPHORUS MANAGEMENT IN ORGANIC CORN PRODUCTION
USING TENNESSEE BROWN-ROCK PHOSPHATE AND COVER CROPS

INTRODUCTION

Phosphorus (P) is one of the three major macronutrients needed by crops (Yuan and Liu,
2008; Chen et al., 2008). Despite its abundance in the lithosphere, P is one of the least available
nutrients in the soil due to its physicochemical properties and soil chemistry. Under alkaline soil
conditions calcium-bound P dominates, and in acidic soil conditions iron and aluminum-bound P
dominates (Ticconi and Abel, 2004). Many soils across the world have P deficiencies, placing
major restraints on crop production especially in low-input agricultural systems (Yuan and Liu,
2008; Chen et al., 2008; Ticconi and Abel, 2004).
Phosphorus from amendments - but especially from chemical fertilizer - is easily fixed in
some soils before it can be taken up by plants (Tang et al., 2008). Applying higher rates of P
fertilizer may lead to accumulation in the soil or accelerated eutrophication of water bodies,
mainly by P transport as particulate P associated with either organic matter or soil particles
during erosion events (Miyasaka and Habte, 2001). Furthermore, P is a non-renewable natural
resource and global rock phosphate sources are gradually being depleted (Cordell et al., 2009;
Abelson, 1999).
Plants differ in their ability to produce a certain percentage of their maximum yield at a
certain level of soil P, which is called phosphorus efficiency (Föhse et al., 1988). Most crop
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plants are P inefficient, with limited P utilization and uptake ability (Miyasaka and Habte, 2001).
Knowledge of the mechanisms of P-efficiency in plants could allow us to manage P more
effectively and sustainably. Phosphorus efficiency is more related to uptake efficiency rather
than to a reduced internal P requirement for optimum growth. Uptake efficiency is the ability of
the root system of a plant to acquire P from the soil and to accumulate it in the shoots (Föhse et
al., 1988). The mechanisms used to increase P uptake efficiency can be grouped according to
their outcome: (1) increased extent of soil exploration by increased rootmass, increased root
surface area and the number of soil spaces penetrated by roots; (2) increased uptake rates,
facilitated by increased enzyme and transporter activity in the root plasma membrane; (3)
increased utilization of adsorbed or precipitated phosphates and organic phosphates in the
rhizosphere by organic acid and enzyme exudation, respectively; and, (4) interactions or
symbioses with microorganisms and mycorrhizae. Different plants make use of one or several of
these mechanisms, with relative P-efficiency differing between species as well as between
genotypes within certain species (Föhse et al., 1988; Miyasaka and Habte, 2001; Kochian et al.,
2004). Species that are considered to be P-efficient includes buckwheat (Fagopyrum
esculentum), canola (Brassica napus L.), chickpea (Cicer arietinum L.), peanut (Arachis
hypogaea L.), pigeon pea (Cajanus cajan L.), rice (Oryza sativa L.), and white lupine (Lupinus
albus L.). (Miyasaka and Habte, 2001). P-efficiency differences between genotypes has been
studied in many crop species, including soybean (Phaseolus vulgaris L.) (Pan et al., 2008),
barley (Hordeum vulgare) (Gahoonia and Neilsen, 1997), alfalfa (Medicago sativa L.), corn
(Hoa et al., 2008), peanut, pigeon pea, rice, sugarcane (Saccharum sp.), tomato (Lycopersicon
esculentum L.) and white clover (Trifolium repens L.) (Miyasaka and Habte, 2001). Phosphorus
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concentration in shoots can be used to quantify uptake efficiency of plants grown under the same
soil and aerial conditions with P as the limiting growth factor (Föhse et al., 1988).
The P-efficiency of buckwheat on soils that differ in P availability has been ascribed to
its ability to take up soil P continuously and, therefore, use it efficiently (Mclachlan, 1976).
There are conflicting results on P-efficiency of buckwheat in different soil conditions and
uncertainties exist concerning the mechanism and regulation of P uptake. Some reports show Pefficiency of buckwheat to be very high in calcium-rich soils, but low in acidic soils (Zhu et al.,
2002). Others found buckwheat to be superior even in aluminum toxic, P-deficient soils
(McLachlan, 1976). Although exudation of organic acids are commonly viewed as a mechanism
of P-efficiency, another chemical mechanism may be used by buckwheat plants. The buckwheat
rhizosphere pH may be reduce by the excretion of protons (H+) or other ions that, in exchange
for the bivalent calcium (Ca2+ ) or other cations being taken up by the plant (Zhu et al., 2002;
McLachlan, 1976; Liao et al., 2006). Increase in root surface area, combined with number of soil
spaces penetrated by roots, is another P-efficiency mechanism found in buckwheat. With
decreased soil P, root development by buckwheat has been observed to be higher than that of
some clovers, although it is less than that of some grains (Zhu et al., 2002; McLachlan, 1976).
Beside root development, root hairs also play a role. The average root hair diameter of
buckwheat is only half the diameter of rye root hairs. Considerable root hair development and
strongly developed hyphae-like structures are formed during the rapid root growth of buckwheat.
(Mclachlan, 1976).
Certain cultivars of some small grains such as barley may have relatively high Pefficiency. Gahoonia and Neilsen (1997) compared two barley cultivars, Salka and Zita, based on
previous field experiments in which the wide difference in P adsorption ability from low-P soil
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by these two cultivars was related to root length and uptake rate of P per unit root length. The
barley cultivars Salka and Zita did not differ in P uptake from nutrient solution culture.
The sodium hydroxide soluble inorganic P (NaOH-Pi), which is sorbed to iron and
aluminum oxides in the soil (Miller et al., 2001), depleted by these cultivars did not differ, even
when grown in soil. However, Salka had twice as much net uptake of sodium bicarbonate soluble
inorganic P (NaHCO3-Pi), which is considered a diffusible P fraction (Gahoonia and Nielsen,
2003), from rhizosphere soil than Zita, depleting the soil uniformly to about 1 mm compared to
0.4 mm for Zita. There was a correlation with root hair length, as Salka had 1-mm root hairs, and
Zita 0.5-mm root hairs (Gahoonia and Neilsen, 1997).
Using P-efficient crops or genotypes in rotation as cash or cover crops as extensively as
possible will help optimize P-efficiency of agricultural systems. Practices such as fallow, use of
P inefficient crops in rotation, tillage and other soil disturbance, application of fungicides, as
well as application of high rates of commercial P fertilizer should be considered with caution as
these may discourage P-efficient systems especially from associations with arbuscular
mycorrhyzal fungi (Miyasaka and Habte, 2001; Hoa et al., 2008).
Cover crops used to supply P to the following crop are usually incorporated into the soil
as green manures (Bancroft and Firkins, 1918; Horst et al., 2001). Although this is a common
practice, it may increase the rate of P mineralization (Oladeji et al., 2006), instead of allowing
slow P release over the growing season of the main crop. Residue incorporation also involves
disturbing the soil, which can lead to soil erosion and degradation, with a decrease in soil P
mobilization (Horst et al., 2001).
In organic systems, the use of fungicides and other chemical applications is avoided and
required P is usually supplied as ground rock phosphates (Keupper, 2002; OMRI, 2007). Rock
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phosphates are allowed by organic standards (OMRI, 2007; Straw, 1941). Depending on their
origin, rock phosphates differ in their chemical composition and physical size fractions, both
influencing their effectiveness as phosphate sources to crops (Syers et al., 1986).
“Tennessee brown phosphate” had been considered the most valuable source of P in
Tennessee (Straw, 1941). Anecdotal reference suggests that Tennessee brown-rock phosphate
(TBRP) is neither a colloidal phosphate nor a rock phosphate, and that it originated from
washing piles after extraction of high-grade ore for production of super phosphate early in the
20th century (Fedco, 2006). Originating from the Ordovician age, the brown residual deposits are
located almost exclusively in the western edge of the Central Basin, close to the Highland Rim
Plateau. All of the different formations consist of phosphatic limestone with granular layer bands
that contain the richer phosphate deposits. The phosphate rock, containing tri-calcium phosphate
and impurities, is the result of weathering of the limestone containing 10 to 20 % tri-calcium
phosphate. A considerable portion of loose phosphate sand mixed with muck is associated with
the rock (Straw, 1941).
Physical and chemical analysis of TBRP was conducted early in the 20th century. McCool
(1939) reported that although TBRP is higher in sand and silt fractions and considerably lower in
the finer fractions than colloidal phosphates, it did not differ significantly from colloidal
phosphate as a source of P when tested on field crops, such as corn ( Zea Mays L.), in both
greenhouse and field studies.
The ability of certain green manure crops, such as buckwheat, to make TBRP available
has been evaluated as early as 1918. Bancroft and Firkins (1918) applied the equivalent of 1344
kg ha-1 TBRP, grew various green manure crops for incorporation at three months, and measured
the yield response in Japanese millet. They concluded that this practice could help increase crop
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production in the United States. More recent studies with cover crops and rock phosphates do not
mention TBRP specifically. There is also a lack of research on the use of no-till in this type of P
management with cover crops and rock phosphates.
The objectives of this study were:
1. To determine the ability of certain winter cover crops to improve soil P availability to
the following organic corn crop, after being killed and left on the surface by mechanical rolling.
2. To evaluate TBRP as a local, natural source of phosphate to amend soils deficient in P,
for organic corn production.
3. To determine the interaction between TBRP applications and cover crops to supply P
to an organic corn crop.
4. To determine the benefits of the different cover crops in an organic system in terms of
their contribution to biomass, residue cover, soil moisture conservation, and weed suppression
after cover crop termination by mechanical rolling.

MATERIALS AND METHODS

Site description
A long-term field experiment was initiated in the fall of 2008 outside Knoxville,
Tennessee at the Organic crops research farm of the University of Tennessee. The site design is
shown in figure 13. The experimental area is located at 35°52‟55.43‟‟ N and 83°55‟38.79‟‟ W on
an eroded Dewey silt loam (fine, kaolinitic, thermic Typic Paleudults) with an Emory silt loam
(fine-silty, siliceous, active, thermic fluventic Humic Dystrudepts) along its edge. The previous
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Figure 13. Site plan for a no-till organic field corn study with three Tennessee brown-rock
(TBRP) and five cover crop treatments. The TBRP treatments were 0 kg ha-1 (0), 448 kg
ha-1 (1) and 1344 kg ha-1 (3) TBRP . The cover crops were no-till drilled barley,
buckwheat, rye and wheat, with a control that was tilled once.
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crop was organic corn, following an oat-and-crimson-clover cover crop biculture (see Chapter 2).
The research unit was certified as being in-transition to organic at the time the study was
conducted.

Statistical Design
A randomized complete block experimental design with a split-plot treatment design was
used with cover crop as the main plot treatment and TBRP rate as the split plot treatment. A total
of 60 experimental units, arranged in four blocks, each measured 15.2 m by 3.04 m, for four
rows of 0.76-m spaced corn. The cover crop treatments consisted of no-till winter wheat, winter
barley, winter rye, and buckwheat bicultures with crimson clover, and a disked control treatment
with no cover crop. The TBRP treatments consisted of a control with no TBRP application, a low
TBRP application rate of 448 kg ha-1, and a high TBRP application rate of 1344 kg ha-1.

Soil Fertility and Applications
Soil sampling (0 to 0.15 m depth, composite of 5 to 6 cores plot-1) for fertility
characterization occurred on 10 to 13 November 2009. The UT Soil, Plant and Pest Center in
Nashville performed analysis of water pH and Mehlich-I soil test analysis of P, K, Ca, and Mg,
with lime and fertilizer recommendations based on corn for an expected yield of 6270 to 7840 kg
ha-1. Analysis of composite, representative samples of Tennessee brown-rock phosphate
(Calcium Silicate Corporation, CSI, Grand Rapids, MI) mined near Columbia, Tennessee,
revealed a water pH of 7.05, a gravimetric moisture content of 193.7 g kg-1, and high
representations in the larger dry screen fractions (Table 8). Chemical analysis of TBRP by A&L
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Laboratories measured 104.4 g kg-1 total P, 38.0 g kg-1 citrate soluble P, 2.1 g kg-1 water soluble
P, and 24.1 g kg-1 water soluble K (AOAC, 1998). Tennessee brown-rock phosphate was handapplied on 9 January 2009 based on UT recommendations for P according to the following
treatments: a 1344 kg ha-1 application rate based on the citrate soluble P content, a 448 kg ha-1
application rate based on the total P content, and a control with no TBRP application. Mined
potassium sulfate (0-0-50-18S) was hand-applied as a source of K on 19 May 2009 at a plot-byplot rate according to University of Tennessee (UT) recommendations, adjusting for K2O
contributed by the TBRP. Soybean meal (7.4-0.65-2.0) was hand-applied on 1 June 2009 at a
rate of 289 kg N ha-1, assuming about 50% N loss. Phosphorus contribution by the soybean meal
was 25 kg ha-1. The soybean meal was applied on the soil surface before rolling to give good soil
contact, and was buried by the rolled cover crops to reduce loss trough volatilization.

Table 8. Particle size distribution measured by dry screening of Tennessee brown-rock phosphate
(TBRP).

Opening
mm
4.75
2.00
1.00
0.500
0.250
0.100
0.050
0.000

Soil texture class
very course sand
course sand
medium sand
fine sand
very fine sand
silt and clay

TBRP
g kg-1
157
150
108
246
185
135
17
2
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Agronomic Practices
Early in October 2008, one pass was made with an off-set disk harrow in the control
plots. („Winter magic‟ rye (Secale cereal L.), „554W‟ winter wheat (Triticum aestivum L.), and
winter barley were no-till drilled with „Dixie‟ crimson clover (Trifolium incarnatum L.),) on 10
February 2009 at seeding rates 175, 160, 153 and 13 kg ha-1, respectively. Buckwheat
(Fagopyrum esculentum Moench var. Mancan) was no-till drilled at about 45 kg ha-1 after the
last frost, on 9 April 2009.
The cover crops were mechanically rolled in one direction on 1 June 2009 with an I & J
front-mounted roller that was allowed to “float” on the soil surface with down pressure roughly
estimated as 0.34 MPa. The cover crops were at or after flowering stage when rolled. Using one
tractor for simultaneous rolling and planting could not be attempted due to time-constraints on
implement use. On 2 June 2009, certified organic field corn ( Zea Mays L.) (Hybrid 66H54, Blue
River Hybrids, Kelly, Iowa) was no-till planted into the rolled cover crops, in the same direction
that they were rolled, with a 3.04-m, 4-row John Deere MaxEmerge 7200 no-till planter at a
target plant population of 69 000 plants ha-1, with 0.76-m row spacing. During the corn season
tall, mature broadleaf weeds were hand-pulled or hoed as necessary to prevent weed seed
production. On 30 September 2009, the corn was harvested with an A 2.1-m wide, 2-row STC 40
plot combine (Almaco, Nevada, Iowa). All residues and stubble were left on the field.

Measurements
Soil samples (0 to 0.15 m depth, composite of 5 to 6 cores plot-1) were collected on 11 to
12 May 2009, before cover crop rolling, and 3 to 4 September 2009, before corn harvest.
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Samples were oven-dried at 105 °C, ground, and three sub-samples per plot extracted with
Mehlich-I (Sparks, 2009) followed by atomic absorption spectrophotometry analysis of K, after
1:11 dilution with deinonized water (Isaac and Kerber, 1971), and Segmented flow (Skalar Inc.,
Norcross, GA) colorimetric analysis of P. Of the soil sampled before rolling, 50 mg samples
were analyzed for carbon content with an ElantechFlash EA1112 (Thermo Finigan Corporation,
Italy).
Measuring of the tallest mature cover crops and any live plants (9.1 m2, 3 plot-1) and
harvesting of the above-ground biomass for dry biomass (105 °C) determination occurred on
May 25, 2009. Dry biomass determination preceded plant sample grinding and passing through
a 40-mesh screen. Analysis of C and N concentrations were conducted on 0.020 g samples with
an Elantech Flash EA1112 (Thermo Finigan, Italy). Digestion with 2 mol L-1 hydrochloric acid
(HCl) and filtration through Whatman #2 filter paper followed combustion by dry ashing of 0.50
g samples performed in a muffle furnace for 7 h at 550°C (Akhtar et al., 2008). Dilution with
deionized water (1:11) adjusted the pH prior to segmented flow (Skalar Inc., Norcross, GA)
calorimetric analysis of P concentration. Analysis of K concentration by atomic absorption
spectrophotometry followed 1:101 dilutions with 2 mol L-1 HCl (Isaac and Kerber, 1971).
Row measurements (5.32 m sections, 3 plot-1) for corn emergence occurred on 9 June
2009 (7 days after planting) and 23 June 2009 (21 days after planting), and for final plant counts
on 10 September 2009.
Soil samples (0 to 0.23 m depth, 3 to 4 cores per plot-1 from center row edges) were taken
29 to 30 June 2009 for the UT pre-sidedress nitrate-N test (PSNT) conducted by the UT Soil,
Plant and Pest Center, Nashville. To verify the PSNT results for organic no-till systems, plant
nitrate was measured with a Cardy meter on the youngest mature leave sheath (composite of 3
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samples per plot-1, from edges of center rows) cut on 13 July 2009 and kept on ice till analysis
within 12 h of sampling.
Residue cover was determined by the line transect method (25 counts per transect, 7.6 m
transect, 3 transects per plot) on 10 June 2009 and 18 June 2009 (Laflen et al., 1981). On 10 June
2009 only the top layer of residue was taken into account, with distinction made between corn
residue, dead weeds, residue from cover crops drilled fall 2007, and cover crop residues from
this season. On 18 June 2009 only cover crop residues were counted according to the method
used by Teasdale et al. (1991), lifting up weeds as necessary to count residue underneath. The
average soil loss by erosion for each treatment was estimated, using RUSLE2 software (RUSLE,
2009).
Weed density and biomass measurements (9.1 m2, 3 plot-1) occurred two weeks after
planting on 16 June, and six weeks after corn planting at canopy closure on 14 July 2009 (corn
height 1.9 m, 10 real leaves, two leaves crossing center of inter-row space). Measurements
involved weed identification and counts, and harvesting of the above ground plant matter for dry
biomass measurement (105 °C).
Soil moisture readings from three soil moisture blocks (Irrometer Co., Riverside, CA) per
plot (0.15 and 0.60 m depths), and three tensiometers per plot (0.30 m depth) were taken twice a
week in a rye and an adjacent control plot, from 22 June 2009 to 28 September 2009, between
1200 h and 1600 h, to monitor possible soil moisture differences between the high and low
residue treatments. In the same plots, soil sampling (3 cores per plot, divided in 0 to 0.15, 0.15 to
0.30, 0.30 to 0.45 and 0.45 to 0.60 m depths,) occurred on 7 August 2009 for gravimetric soil
moisture determination.
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Combine harvesting of the center two rows of each plot occurred on 30 September 2009,
with corn yield and grain moisture content determination. The yields were adjusted to 155 g kg-1
moisture content.

Statistical analysis
Analysis of variance (ANOVA) was used to analyze the data for main and interactive
effects with a mixed model procedure. Means were separated with Fischer‟s protected least
significant difference (LSD), using an a priori method P<0.05 compared to P<0.10 (SAS
Institute, 2008).

RESULTS AND DISCUSSION

Overview
There were differences at the 0.05 level of significance between the cover crops for
height, biomass and chemical analysis: Plants in the control plots, followed by buckwheat and
wheat, had the highest nutrient concentrations, barley produced the most biomass, and rye was
the tallest cover crop. TBRP showed a few main effects at the 0.05 level of significance:
Mehlich-I soil P increased with increased TBRP application rate as would be expected, with the
highest application rate resulting in the highest Mehlich-I soil P at the end of the season.
However, soil C measured before cover crop termination showed a slight decrease with increased
TBRP application. The significant interactive effect at the 0.05 probability level of TBRP
application rate with cover crops showed that soil C did not decrease in the buckwheat treatment.
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The interaction between TBRP and cover crops also had effects at the 0.05 level of significance
two weeks after corn was planted on weed height and biomass, which decreased for the
buckwheat cover crop and control as TBRP was increased from 448 to 1344 kg ha-1.
At the 0.1 level of significance, there were differences between the cover crop in soil
Mehlich-I P measured before cover crop termination, and in corn emergence at seven days.
Cover crop N concentration differed between the TBRP application rates at the 0.1 level of
significance. Also at this level there were significant interactive effects on cover crop biomass,
cover crop C:N ratio, weed density 2 weeks after corn planting, and weed biomass six weeks
after corn planting.
There were no significant effects of cover crops or TBRP on Mehlich-I K, residue cover,
emergence either at 21 days, weed density at two weeks, weed height or density at six weeks,
PSNT nitrates, corn petiole nitrate-N, final corn population, or corn yield. The average soil loss
by erosion estimated across each cover crop treatment was reduced by between 6.4 and 24.0 %
compared to the tilled control.
In the rest of the discussion, particular attention is given to possible connections of the
significant differences and other trends to yield and sustainability of the system.

Tennessee Brown-Rock Phosphate and Soil P
Mechanical composition of the TBRP used in this study showed larger fractions to be
well represented, with 674 g kg-1 in the sand fraction and 307 g kg-1 with a diameter of 2 mm or
more (Table 8). This is in contrast to the fractions determined by McCool (1939), after passing
TBRP through a 100-mesh (0.150 mm diameter), as 148 g kg-1 in the sand fraction, 626 g kg-1 in
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the silt fraction, 226 g kg-1 in the clay fraction, and 192 g kg-1 in the finer clay fraction. The
chemical composition of TBRP is dependent upon its size fractions. Jacob et al. (1929) found P
amounting to 337 g kg-1 in the original TBRP, 263 g kg-1 in the clay fraction and 250 g kg-1 in
the colloidal fraction. Although the total P was less in the smaller fractions, the ratio of
phosphoric acid to lime increased from 7.08 g kg-1 for the original sample to 7.43 g kg-1 for the
colloid fraction (Jacob et al., 1929). The colloidal fraction would be expected to be more reactive
as it has a greater surface area and a higher acid concentration to make P available. The TBRP
used in this study had less smaller fractions, although these may have been underestimated by the
dry screening, which explains at least in part why the 104.4 g kg-1 total P2O5, 38.0 g kg-1 citrate
soluble P2O5, 2.1 g kg-1 water soluble P were so much lower than 347 g kg-1 total P and 285 g kg1

sulfuric acid extractable (at pH 3) P determined by McCool (1939) on the 100-mesh fraction. In

this study, TBRP should, therefore, be expected to be less similar to colloidal phosphates than
the material McCool described.
Mehlich-I P increased with a TBRP application rate increase significantly at the 0.05
probability level as would be expected, with the most P becoming Mehlich-I extractable at the
end of the season for the highest application rate (Table 9). The increase in Mehlich-I soil P for
the plots receiving no TBRP demonstrates the ability of the cover crops to utilize soil P. The
increase in Mehlich-I P between November 2008 and May 2009 probably occurred in the
rhizosphere, while cover crops were growing (Miyasaka and Habte, 2001). The further increase
in Mehlich-I P between May 2009 and September 2009 resulted most likely from P released in
the soil surface layer upon slow decomposition of the plant residues (Bancroft and Firkins, 1918;
Horst et al., 2001). This slow release is in contrast to the rapid P mineralization expected with
cover crop incorporation (Oladeji et al., 2006) and may have avoided P fixation before plant
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Table 9. The effect of Tennessee brown-rock phosphate (TBRP) application rate and cover crops
on cover crop N concentration, soil carbon measured before cover crop termination, and
on Mehlich-I P measured before rolling cover crops and before harvesting corn compared
to Mehlich-I P before treatment application.

Cover crop N
concentration
g kg-1

Soil Carbon
before
rolling
g kg-1

Initial
Mehlich-I
P
kg ha-1

Mehlich-I P
before rolling

Mehlich-I P
before harvest

kg ha-1

kg ha-1

Cover crops (C)
Control
Barley
Buckwheat
Rye
Wheat

23.3 a
14.3 d
20.9 b
15.0 d
18.5 c

10.66
10.47
10.53
10.74
10.77

19.0
20.3
19.6
19.4
21.1

20.3 b
30.8 a
27.3 ab
21.7 b
26.1 ab

27.4
30.5
31.8
26.0
31.6

26.2 b
28.2 b
33.9 a

TBRP rate (P)
0 kg ha-1
484 kg ha-1
1452 kg ha-1

17.7 b
18.7 ab
18.8 a

10.83a
10.59 ab
10.49 b

19.9
19.7
20.1

22.9 b
25.3 ab
27.7 a

Mean
Std dev

18.4
4.5

10.63
19.9
0.86
4.2
ANOVA

25.3
8.2

29.4
9.1

0.0387
0.0569
NS

0.0024
NS
NS

Source of
df
variation
TBRP rate (P)
2
0.0630
0.0499
Cover crops (C)
4
***
NS†
P*C
8
0.0084
0.0194
***Significant at the 0.0001 level of significance.
†NS, nonsignificant at the 0.1 probability level.

-
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uptake. Cover crops probably also contributed to increased Mehlich-I extractable P from TBRP,
especially for the low application rate in which the recommended P was supplied as total rather
than citrate soluble P. The more pronounced difference between the two application rates at the
end of the season may be a result of effective P uptake by corn from the low application rate. The
final Mehlich-I P for the high application rate may have be unnecessarily high and may lead to P
fixation in the soil before uptake by the next crop (Table 9). The increase in Mehlich-I P during
the corn season suggests that P from decomposition of the rolled plant residues effectively
released Mehlich-I extractable soil P. For the buckwheat and control residues, this is in
agreement with expected net P mineralization from plants with low C:P ratios (Umrit and
Friesen, 1994; Wite and Ayoub, 1983) as shown in table 10.

Table 10. C:N and C:P ratios of different cover crops, including weeds, and corn yield in an
organic, no-till study.

Cover Crop (C)
Control
Barley
Buckwheat
Rye
Wheat
Average
Std dev

C:P

C:N

Corn yield

96.2 c
120.0 ab
111.0 bc
133.4 a
115.3 ab

18.9 d
31.4 a
21.4 c
30.5 a
24.0 b

-------kg ha-1-----6330
5080
5770
5460
5205

116.0
26.4

25.2
6.2

5472
1583

NS
***
0.0235

NS
NS
NS

ANOVA
Source of variation
df
TBRP (P)
2
Cover crop (C)
4
P*C
8
***Significant at the 0.0001 level of significance.
†NS, nonsignificant at the 0.1 probability level.

NS†
0.0135
NS
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At the 0.1 level of significance, cover crop N concentrations increased slightly with
higher TBRP application rate, which may indicate improved nutrient uptake (Table 9). However,
cover crops were dried at 105 °C which could have let to N loss from plant material and less
reliable results.
There were no significant effects of cover crops or TBRP on cover crop measurements
other than N concentration, initial or final soil K, residue cover, emergence either at 7 or at 21
days, PSNT nitrates (6.06±2.33 mg kg-1), corn petiole nitrate-N (0.249±0.217 g L-1), final corn
population, or corn yield (Table 10 and Table 11). Despite no significant effect of TBRP rate on
yield this season, growth in long-term production of this system may be anticipated if Mehlich-I
P continues to increase, especially where higher rates of TBRP were applied. This expectation is
in agreement with the practice of applying rock phosphates once to build soil phosphate reserves
(Scoones, 2001). On the other hand, with increased TBRP rates there was a slight decrease of
soil carbon as measured four months after application, before cover crop termination (Table 9),
except for the buckwheat treatment (Fig. 14). This suggests that buckwheat may stabilize soil C
during the spring in systems with TBRP applications. The general decrease in soil C may be due
to more rapid microbial decomposition of soil organic matter at higher P application levels. If the
TBRP amended soils continue to lose soil carbon it may have an adverse affect on the
sustainability of the system. However, differences over this short period of time before addition
of organic matter from cover crops may not reflect the long-term effect of TBRP on soil carbon,
and more measurements are necessary to evaluate this effect.
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Table 11. Tennessee brown-rock phosphate (TBRP) and cover crop main effects in a no-till, organic corn study on Mehlich-I K before
rolling cover crops and before harvesting corn, residue before rolling, corn emergence, final plant stands and weed measurements at
canopy closure.

Mehlich-I K
Before
rolling

Residue

Before harvest
-1

-------kg ha ------

Cover
%

Emergence
7 days

Final stand

21 days

Weeds
height

-1

-------------plants ha ------------

m

density
-2

biomass

plants m

kg ha-1

Cover
Control
Barley
Buckwheat
Rye
Wheat

350
320
330
350
340

380
350
380
370
370

87.3
86.8
83.0
90.7
89.8

57000 ab
59000 a
54000 b
60000 a
57000 ab

57000
59000
56000
59000
58000

59000
56000
55000
58000
55000

0.61
0.73
0.74
0.61
0.65

121
152
111
120
77

1790
2080
1920
1600
1380

TBRP
0 kg ha-1
484 kg ha-1
1452 kg ha-1

350
330
330

380
360
370

86.2
86.9
89.5

57000
58000
58000

58000
57000
59000

56000
55000
57000

0.69
0.70
0.64

122
128
96

1690
1960
1610

87.5
7.8

57000
7000

58000
7000

56000
8000

0.67
0.23

225
24.0

1750
1070

NS
NS
NS

NS
NS
0.0603

Mean
Std dev

336
77

370
60

ANOVA
Source of
variation
df
TBRP (P)
2
NS†
NS
Cover (C)
4
NS
NS
P*C
8
NS
NS
†NS, nonsignificant at the 0.1 probability level.

NS
NS
NS

NS
0.0748
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS
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Figure 14. Interactive effect of Tennessee brown-rock phosphate (TBRP) and cover crop
treatments on soil C measured before rolling cover crops (P=0.0194) in a no-till organic
field study at the 0.05 level of significance.

Cover Crops
There were significant differences at the 0.05 probability level between the cover crops in
terms of height, biomass and major crop nutrients (Fig. 15). The control had the highest Pefficiency (Föhse et al., 1988) and rye had the lowest P-efficiency in terms of above-ground
plant P concentration (Fig. 15c). The relative plant N and K concentrations for the different
cover crops were similar to the relative P concentrations (Fig. 15c, e and g) and their uptake was
probably dependent on P-efficiency in this P-limiting study. Cover crop uptake per unit soil
surface area (areal uptake) of P, K and N was calculated by multiplying the nutrient
concentrations with the dry biomass. The significant differences in areal nutrient uptake closely
reflect the dry biomass differences between these cover crops (Fig. 15b, d, f, and h). Rye was the
70

1.6

4000

(a)

(b)

a

1.2
1.0

b

0.8

b

c
0.6

d
0.4

Dry biomass (kg/ha)

Plant height (m)

1.4

a

a

3000

b
c

2000

d

1000

0.2
0.0

0

7

14

6

Cover Crop Treatment

12

c

Plant P (g/kg)

5

ab

bc
d

4
3
2
1

b

10

c

8

c

6
4

Cover Crop K

0

40

80

a

(f)

a

30

b

c

bc

bc

20

a
b

60

Plant K (kg/ha)

(e)

Plant K (g/kg)

ab

2

% Cover Crop K

0

10

c

c
40

20

0

0

30

60

a

(h)

b
c

20

d

d

15
10
5

a

a

50

a

b
Plant N (kg/ha)

(g)
25

Plant N (g/kg)

a Crop Treatment
Cover

(d)

a

Plant P (kg/ha)

(c)

40

c

30
20
10

0

0
Control

Barley Buckwheat Rye

Wheat

Control

Barley Buckwheat Rye

Wheat

Figure 15. Cover crop (a) height (<0.0001) and (b) dry biomass (<0.0001), cover crop (c) P
concentration (P=0.0135)and (d) P areal uptake or uptake per unit soil surface area
(<0.0001), (e) K concentration (<0.0001) and (f) K areal uptake (<0.0001), (g) N
concentration (<0.0001) and (h) N areal uptake (<0.0001) as effected by cover crop
treatments in a no-till organic field study.
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tallest cover crop, but had the lowest plant P concentrations (Fig. 15a and c). Barley produced
the highest amount of biomass and had the highest P uptake per unit surface area (Fig. 15b and
d). Research on P-efficient barley cultivars (Gahoonia and Neilsen, 1997; Bancroft and Firkins,
1918) supports the results of significantly higher areal uptake of P by barley in this study.
Bankroft and Firkens (1918) grouped bearded barley rather than buckwheat with incorporated
green manure crops that increased millet yields in a pot experiment with a 1344 kg ha-1 TBRP
application. Without accelerated decomposition by incorporation the effect of P released from
small grain cover crops may be less pronounced (Oladeji et al., 2006).
All above-ground live plant material was measured, which partly explains the high P, K
and N concentrations for the no-cover control (Fig. 15c, e and g), contributed by volunteer
crimson clover and early weeds such as field pansy (Viola bicolor). Forty five percent of the
residue cover in the control consisted of weeds, and 16% consisted of crimson clover (Fig. 16),
the rest consist of corn residue (6%) and cover crop residue of the previous season (25%). The
control above-ground plant biomass was much less than that of the cover crops (Fig. 15b).
Buckwheat had slightly higher P, K and N concentrations than the rest of the no-till cover
crops (Fig. 15c, e and g). There was a non-significant trend towards higher yields for the plants
with higher percent plant P, like that of the control and buckwheat treatments, rather than for
higher biomass cover crops with higher areal uptake of P, like barley (Fig. 15 and table 10). This
may be explained by the relatively lower C:P and C:N ratios of the control plants and buckwheat
(Table 10) causing net mineralization of P and N during decomposition. During decomposition,
the higher C:P and C:N ratios of small grain cover crops may cause net immobilization of P and
N (Umrit and Friesen, 1994; Wite and Ayoub, 1983). The utilization of P from calcareous TBRP

72

(Straw, 1941) by buckwheat is in agreement with reports of very high P-efficiency of buckwheat
in calcium-rich soils (Zhu et al., 2002).
Mehlich-I soil P measured before cover crop termination, and corn emergence seven days
after planting differed between the cover crop treatments only at the 0.10 level of significance
(Table 9 and 11). Barley made more soil P Mehlich-I extractable than rye or plants in the control
plots. The barley and rye treatments showed higher corn emergence than the buckwheat at seven
days. The cover crop biomass was significantly effected at the 0.10 level of significance by an
interaction between TBRP application rates and cover crop treatments (Fig. 17), showing lower
control plant and rye biomass, but higher barley and wheat biomass at 448 kg ha-1 TBRP and
buckwheat biomass not effected by TBRP application rate.

Cover crop residue from the current season
Cover crop residue from the previous season
Weeds
Corn residue
100

Soil cover (%)

80

60

40

20

0
Control

Barley

Buckwheat

Rye

Wheat

Cover Crop Treatment

Figure 16. Residue cover of different cover crop treatments measured 8 June 2009 in a no-till
organic corn study, with the different fractions determined from the topmost layer of
cover.
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Figure 17. Significant interactive effects at the 0.10 level of significance of Tennessee brownrock phosphate (TBRP) and cover crop treatments on cover crop dry biomass (P=0.0690)
in a no-till organic field corn study.

There were no significant effects of cover crops on initial or final soil K, residue cover, or corn
emergence at 21 days, weed density at 2 weeks or any of the weed measurements 6 weeks after
planting corn, PSNT nitrates (6.06±2.33 mg kg-1), corn petiole nitrate-N (0.249±0.217 g L-1),
final corn population or corn yield (Table 10 and 11). Buckwheat showed an increase in cover
crop N concentration and a decrease in C:N ratio with increased TBRP application rate (Fig. 18
and 19), which may indicate that this system can improve nutrient management. There was an
interesting trend, although not significant, with the buckwheat cover crop treatment producing
higher yields at the higher application rates of TBRP (Fig. 20), which potentially can become
more significant in the long-term. The utilization of P from calcareous TBRP (Straw, 1941) by
buckwheat is in agreement with reports of very high P-efficiency of buckwheat in calcium-rich
soils (Zhu et al., 2002).
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Figure 18. Interactive effect of Tennessee brown-rock phosphate (TBRP) and cover crop
treatments on cover crop N concentration (P=0.0084) at the 0.05 level of significance.
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Figure 19. Cover crop C:N ratio before no-till planting of organic corn (P=0.0235), as affected
by Tennessee Brown Rock Phosphate application rate and cover crop. Significant at the
0.05 level of significance.
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Figure 20. Yield of no-till, organic corn as effected by Tennessee brown-rock phosphate
application rate and rolled cover crop, not significant at the 0.10 probability level.

The observation was made that all cover crops died a few days after being rolled in a
single pass with hydraulics released, although the tallest plants were flattened closer to the soil
surface and died first. Natural and accelerated plant senescence of cover crops after rolling, even
with different initial observations, has been documented by Ashford and Reeves (2003).

Residue Cover and Erosion
There were no significant effects on residue cover, measured on 11 to 12 May and 18
June 2009, respectively (Table 11). Overall, the residue cover across the cover crop treatments
was more than 80%, much higher than 30% required for conservation tillage systems (CTIC,
2007). Weeds made up a large portion of the upper layer of residue cover (Fig. 16), which did
76

not differ much from the residue cover only (Table 11), indicating that the weeds mostly covered
residue and not bare soil. Reseeding of crimson clover from the previous season increased
residue cover, as even the control had additions of cover crop residue from this season (Fig. 16).
A reseeding legume such as crimson clover may be valuable in long-term no-till systems,
requiring less seed input to maintain legume-grain bicultures for increased biomass production
and soil fertility (Rannells and Wagger, 1997). Residue cover for the control may decrease over
time if tillage is continued without planting a cover crop. Any of the cover crops used in this
study are suitable for conservation tillage with long-term potential for increasing high residue
benefits, such as reduced soil erosion, soil organic matter accumulation, weed suppression, and
soil moisture conservation.
The average soil loss by erosion for the barley cover crop system was estimated to be
slightly lower than the 11.0 Mg ha-1 yr-1 threshold for a Dewey silt loam, which indicates that
erosion can be maintained at low enough levels with this system to not effect yields in the long
term (Table 12). The tilled control and the cover crop systems which produced less biomass than

Table 12. RUSLE2 estimation of soil loss by erosion and erosion reduction from the tilled
control under different cover crop systems in organic no-till corn production and the
threshold value (T value) under which yields are not affected by soil loss (ARS, 2008).

Tillage treatment
Control
Barley
Buckwheat
Rye
Wheat
T value

Soil loss by erosion
Mg ha-1 yr-1
13.94
10.59
11.99
12.71
13.05
11.0

Soil loss reduction with cover crops
%
0
24.0
16.3
8.8
6.4
-
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barley cannot maintain low enough soil loss levels to produce yields unaffected by erosion.
However, corn yields in this season were not reduced in the no-till cover crop systems while soil
loss by erosion was reduced by between 6.4 and 24.0 %, compared to the tilled control. These
systems can, therefore, reduce negative impacts on the environment related to erosion without
compromising yields. In addition to P release during decomposition of the high C:P and C:N
residues (Table 10), the reason that the control corn yields were not lower compared to the cover
crop treatments may be due to a complex variety of causes, such as leaching of surface applied
nutrients through the tilled soil to the root zone of corn plants, and increased nutrient release and
availability by tillage and incorporation of residues from the previous no-till season. Higher
fertility of the control may be less pronounced in future with continued tillage without cover
crops providing organic matter input and weed suppression.

Weeds
The interaction between TBRP and cover crops had a significant effect at the 0.05
probability level on weed height and biomass two weeks after corn was planted (Fig. 21 and Fig.
22), which was considered rather than the significant main effects of cover crops on these
measurements. The major summer weed was large crab grass (Digitaria sanguinalis). Although
the plots with buckwheat residue had higher weed biomass at no or low TBRP application,
probably due to less cover crop biomass compared to the other cover crops, weed biomass
dropped to the same level present in the other cover crop residues when TBRP was applied at a
high rate (Fig. 22). A similar pattern was seen in the control plots.
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Figure 21. Weed height two weeks after no-till planting of organic corn (P=0.0026), as affected
by Tennessee Brown Rock Phosphate application rate and rolled cover crop at the 0.05
level of significance.
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Figure 22. Weed biomass two weeks after no-till planting of organic corn (P<0.0065), as affected
by Tennessee brown-rock phosphate application rate and rolled cover crop at the 0.05
level of significance.
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The interactive effect of TBRP & cover crops on weed density at 2 weeks was significant
at the 0.10 level (Fig. 23). Weed density in the control plots decreased with a increase in TBRP
application rate. The interactive effect of TBRP & cover crops on weed biomass at 6 weeks was
significant at the 0.10 level (Fig. 24). The weed biomass at 6 weeks increased in the control
plots, but decreased in the buckwheat plots when TBRP application rates increased from 448 to
1344 kg ha-1. There were no significant effects of cover crops or TBRP on weed height or
density at six weeks (Table 10). Competition from weeds most likely decreased corn yields for
the control and buckwheat plots, which may explain why yield for buckwheat was not
significantly higher than that for the small grain cover crops.
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Figure 23. Weed density two weeks after no-till planting of organic corn (P<0.0934), as affected
by Tennessee brown-rock phosphate application rate and rolled cover crop at the 0.10
level of significance.
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Figure 24. Weed biomass six weeks after no-till planting of organic corn (P=0.0603), as affected
by Tennessee brown-rock phosphate application rate and rolled cover crop at the 0.1 level
of significance.

Soil moisture
The gravimetric moisture measured on 7 August 2009 in a control plot and an adjacent
plot with rye cover crop residue confirmed the soil moisture block readings with the opposite
pattern for gravimetric soil moisture than for soil tension (Fig. 25). A more pronounced
difference between the rye and the control at 0.30 m depth was measured by gravimetric
moisture than by tensiometer readings. As expected, the high residues from the rye cover crop
conserved soil better than the no-cover control, but only when the soil was at its driest (Fig. 26).
Even then the difference was not very big, with overlapping standard deviations. Since rainfall as
consistently high, soil moisture was not a limiting factor and was not expected to affect the other
measurements.
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Figure 25. (a) Gravimetric soil moisture, and (b) soil moisture tension measure by soil moisture
blocks (0.15 and 0.6 m) and tensiometers (0.3 m), on 7 August 2009 within two adjacent
plots of no-till, organic corn planted in a rye cover crop and a no-cover control.
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Figure 26. Soil moisture tension averages over depth measured by soil moisture blocks (0.15 and
0.6-m depths) and tensiometers (0.3-m depth) within two adjacent plots of no-till, organic
corn planted in a rye cover crop and a no-cover control. Field capacity (0.033 MPa) and
saturation (0 MPa) are indicated on the graph.

CONCLUSION

In one season, TBRP application caused an increase of Mehlich-I extractable P in the
soil, but no improvement in no-till organic corn yields. Mehlich-I P increased over the season
even without TBRP application, indicating the role of cover crops in making soil P available.
Weeds and reseeded crimson clover in the control plots were most P-efficient in terms of plant P
concentration, followed by the buckwheat cover crop. Barley produced the highest biomass and,
therefore, had the highest P uptake per unit soil surface area. Weed biomass at two weeks after
corn planting was the highest in the buckwheat and the control plots, where it most likely caused
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lower corn yields, especially at lower TBRP applications. Corn yields in this season were not
significantly lower in the no-till cover crop systems while estimated soil loss by erosion was
reduced compared to the tilled control, with the barley treatment maintaining soil loss even
below the threshold that will effect yields. These systems can, therefore, reduce negative impacts
on the environment related to erosion without compromising yields.
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5. SUMMARY

CONCLUSIONS

The front-mounted roller-crimper evaluated in no-till, organic corn can be used
successfully to terminate grass-legume bicultural cover crops at a mature growth stage without
the use of herbicides, providing a thick residue cover that remains throughout the growing season
for prevention of soil erosion and inhibition of weeds. A higher operating speed of 5.6 km h-1
compared to 3.2 km h-1 and application of down pressure may slightly improve termination rates
of cover crops. Three passes is not more effective than two in terminating the cover crop, and
with natural senescence of cover crops a few weeks after rolling, even one pass may be
sufficient.
The soil spader incorporated most cover crop residue - leaving the lowest residue cover
and producing higher organic tomato yields under irrigation. Melon yields for different soil
management systems were dependent on the harvest date, with the highest no-till plant survival
and yields at the end of the season, when market prices were high. No-till maintained the highest
residue cover, and reduced the need of weed management in the vegetable plots.
In one season, TBRP application caused an increase in Mehlich-I extractable P in the soil,
but a decrease in soil carbon and no difference in no-till organic corn yields. Mehlich-I P
increased over the season even without TBRP application, indicating the role of cover crops in
making soil P available. Weeds in the control plots were most P-efficient in terms of plant P
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concentration, followed by the buckwheat cover crop. Barley produced the highest biomass and,
therefore, had the highest areal P uptake. Weed biomass at two weeks after corn planting was the
highest in the buckwheat and the control plots, where it most likely caused lower corn yields,
especially at lower TBRP applications. Corn yields in this season were not significantly lower in
the no-till cover crop systems while estimated soil loss by erosion was reduced compared to the
tilled control, with the barley treatment maintaining soil loss even below the threshold that will
effect yields. These systems can, therefore, reduce negative impacts on the environment related
to erosion without compromising yields. All cover crops in this study were rolled in a single
pass with hydraulics released and died after a few days, although the tallest plants were flattened
more and died earlier.
Overall, mechanical no-till management of cover crops can provide a thick residue cover
to protect soil from erosion, suppress weeds and increased available soil P in organic farming.
The soil spader is effective for tomato production, but is not a suitable implement for
conservation tillage. No-till can provide better protection against certain pests and diseases and
produce higher melon yields for the late market. Local sources of lower reactive rock phosphates
combined with cover crops has potential for environmentally friendly management of P in no-till
corn production.

RECOMMENDATIONS FOR FUTURE WORK

In evaluating roller-crimpers, future work should address the effect of moisture in the soil
and on the plants on successfully crimping the cover crop stems. Taller cover crop varieties
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should be selected when roller-crimpers are used. Simultaneous rolling and no-till planting with
the front-mounted roller need to be tested.
In future studies on organic vegetable production, irrigation should be adjusted to
evaluate the potential soil moisture conservation and reduced irrigation benefits of no-till.
Vegetables with a late or single harvest for the season should be selected to determine if no-till
provides cooler soil temperatures that delay ripening for improved harvests at the end of the
season. More research can be done on organic growing of vegetables that is already locally
produced with reduced tillage.
Long-term effects on soil P of cover crop management after addition of TBRP should be
determined in no-till organic field crops. Phosphorus efficiency of the system is expected to
increase with continued use of certain cover crops without incorporation. Higher density
buckwheat stands could be established to improve P utilization and decrease weed competition.
Control plots should be tilled more to make better comparisons, and no-till cover crops can be
compared to incorporated cover crops.
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APPENDIX

Table 13. Date, time and duration of irrigation and fertigation at approximately 0.069 MPa
through a drip tape (10 Mil T-Tape, T-systems International Inc., San Diego, California)
for an organic melon and tomato study.
Date
30 May
31 May
1 June
2 June
5 June
6 June
7 June
8 June
9 June
10 June
11 June
12 June
13 June
15 June
16 June
17 June
18 June
19 June
20 June
21 June
22 June
24 June
25 June
27 June
28 June
2 July
4 July
7 July
8 July
15 July
18 July
19 July
20 July
21 July
4 August
12 August
19 August

Time
1300 h
1300 h
1300 h
1300 h
1300 h
1100 h
1000 h
1000 h
1000 h
0830 h
09 00 h
1000 h
1015 h
0930 h
0900 h
1000 h
0700 h
1000 h
1100 h
0900 h
0800 h
1330 h
0800 h
1100 h
0900 h
1030 h
0830 h
0930 h
1415 h
0830 h
1130 h
0900 h
0845 h
1100 h
1140 h
1000 h

Duration (hours)
6
5
4
3
3
3
3
3
3
3
3
2
3
3
3
3
3
2.5
2
3
2
3
2
2.5
3.25
3
2
2.5
1.75
2
2
2
2
3
1.5
2

Fertigate

Fertigate

Fertigate

Fertigate

Fertigate

Fertigate
Fertigate
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